AD  A 0962 9  1 


INTERIM  REPORT 


ADVANCED  COMPOSITE  AIRCRAFT 
ELECTROMAGNETIC  DESIGN  AND  SYNTHESIS 


. 


PREPARED  FOR 
OFFICE  OF  NAVAL  RESEARCH 

m  81  3  12  018 

NAVAL  AIR  SYSTEMS  COMMAND 

SSSS&JSSJf** 

, , , ,  .  : — 


OscTasslf  led 
atiwncmw  o*  mm  nm 


&r 


pmr  DDOMorrATiON  page 


*AVAHtf518-l  / 


«  i.'ifc  iwurf*,  i, 


I  )  I  Advanced  Composite  Aircraft  Electromagnetic  J 
|  w  1  Dealga  and  Syntbeth,  latstlm"WBpeal»— . 


Si  i  —<178  -  May  J»80 


J.  AIRKEN* 


)  f)  /Tr.  /hALLENLEKG^ 

Ly|  E//fcmTrrrm 


a  PBWKBwwBiiWitwnpgl mdum'J* 

Syracuse  Research  Co rpesetloof 
Merrll  Lane 

Syracuse,  New  York  132101 

•  I.  COMTMH.LWO  OPPICS  NM  MMO  AOfMSBK 

Naval  Air  Systems  Crass  and  . 

Advanced  Electromagnetics  ( /$J  *  u  // 
Washington,  D.  C.  20361  ^"T  t*  *  / I 


C/5  T 1^0014-7 8-C-^87  3  <s 
•  N99bl9-79-C-jBfi7?-< 


632S1N  W0647-TW  , 

:")'L  b 


».  savour  oats 

r/iios3e*L 


|  OWw)  K  SaCUMTV  O..MS.  (S  as*  M*M0 

Unclassified 


wncATir 

>Lt 


ssTwraurumi  rfaTnuBlT  aSS  a»»n) 


AffRSlQ)  RID  MNVM 


l  IT.  MSTNauTHM  IT  AT  KM  KMT  (W  «M  4 


|«S.  UiePLCMKNTAfty  MOTH 


It.  KCV  VOMOI  (Mm  m  mwm  «Ma  1/  . .  ml  MnSS  Sr  M  >m>M> 

Composite  Airframes,  Composite  Materials,  Electromagnet lc  Coupling  Lightning 
Nuclear  EMP,  Radar  Effects,  Electromagnetic  Shielding,  Joint  Coupling, 
Transfer  Impedance,  aad  Systems  Trade-offs'. 


>  The  construction  of  aircraft,  mlgll^es  and  helicopters  with  unprotected 
advanced  composite  materials  increases  their  electromagnetic  environment 
vulnerability.  This  la  further  aggravated  by  the  dimlshing  suacept ability 
of  high  density  digital  devices  (LSI, ’VLSI  and  VHSIC)  which  ere  being 
utilised  In  the  digital  control  systems.  This  study  quantifies  the  threat 
to  different  devices  in  different  composite  airframes.  It  dhows  which 
composite  material  exhibit  the  least  vulnerability  and  Initiates  trade-offs 
to  compensate  it. _ Thin  metal  coatings  ere  shown  to  alanlf  lcantir  improve 


1  JAM  71 


uuwaor  tmovaai 
SAl  MIS-4.F-SI444M 


Unclassified 
amtimcwmi  o*> ' 


'0 


I 


ttcuMrv  cLMamcATioM  os  thw  nm 


20.  (Continued) 

•  this  with  very  snail  weight  ptotltl«i  for  alunlnun  coatings.  Tho  um  of 
coatings  of fora  otbar  desirable  spin-offs,  on*  facing  simple  design  composite 
structural  Joints  exhibiting  low  elnctrouagnetlc  vulnerability. 


Unclassified 

sacuwiTv  ccassricariow  or-rnw  eunuie  amm 


AUTHORS 


Syracuse  Research  Corporation 


J.  Barrett 
E.  Burt 
G.  Dike 
R.  Harrington 
R.  Rudolph 
R.  Wallenberg 
L.  Widaann 


Naval  Air  Systems  Command 
J.  Blrken 


TABLE  OF  CONTENTS 


Section  Page 

1  INTRODUCTION  .  l-I 

2  THREAT  LEVELS  .  2-1 

2.0  Introduction . . .  2-1 

2.1  Direct  Lightning  Strike  .  2-1 

2.2  Nearby  Lightning  Strike  .  ...  2-17 

2.3  Precipitation  Static  .  2-17 

2.4  EMP  Threat .  2-22 

2.5  Shipborne  RF  Threat .  2-25 

2.6  References  . .  2-28 

3  PENETRATION  OF  ELECTROMAGNETIC  WAVES 

THROUGH  LOSSY  SHELLS  .  3-1 

3.1  Formulation  of  the  Problem  . .  3-1 

3.2  Thin  Highly  Conducting  Shells  ........  3-8 

3.3  Discussion  ,  . .  3-13 

3.4  References . 3-14 

4  RELATIONSHIP  OF  MATERIAL  PROPERTIES  AND  TRANSFER 

IMPEDANCE  TO  EM  SHIELDING .  4-1 

4.1  Shield  Effectiveness  for  a  Uniform 

Magnetic  Field  .  4-2 

4.2  Flat  Plate  Shielding  for  a  Nonuniform 

Magnetic  Field  .  4-10 

4.3  Electric  Shielding  Effectiveness  for 

Enclosures  under  a  Uniform  Magnetic  Field  .  .  4-16 

4.4  EM  Relationships  between  Shielding 

Effectiveness  and  Transfer  Impedance  ....  4-29 

4.5  References .  4-36 

5  JOINT  COUPLING  .  5-1 

5.1  Definition  of  Joint  Admittance  .  5-1 

5.2  Joint  Model . .  5-1 

5.3  References .  5-7 

6  COUPLING  OF  EM  FIELDS  TO  TRANSMISSION  LINES  ...  6-1 

6.1  Derivation  of  V  (t)  and  I  (t) .  6-2 

oc  sc 

6.2  Open-Circuit  Voltage  as  a  Function 

of  Frequency  . . .  6-7 

6.3  Wire  Over  a  Ground  Plane . ,  .  .  6-11 

6.4  Low  Frequency  Approximation  .  6-11 

6.5  Shielded  Cables .  6-14 

6.6  Upper  Bounds  for  Voltage,  Current,  Power 

and  Energy  for  a  General  Incident  Field  .  .  .  6-17 

6.7  Double  Exponential  Incident  Field  ......  6-22 


i 


TABLE  OF  CONTENTS  (Continued) 

Section  page 

6.8  Equivalent  Square-Wave  Power  Pulses  .....  6-33 

6.9  References . 6-39 

7  VULNERABILITY  OF  SEMICONDUCTOR  DEVICES 

TO  EMP  THREAT .  7-1 

7.1  Semiconductor  Junction  Devices  .......  7-1 

7.1.1  Experimental  Determination 

of  K  Factor  .  ........  7-1 

7.1.2  K  Factor  Determined  from  Junction 

Area . 7-2 

7.1.3  K  Factor  Determined  from  Thermal 

Resistance  .  .....  7-2 

7.1.4  K  Factor  Determined  from  Junction 

Capacitance .  7-4 

7.2  Example  Calculation  of  K  and  Plot  of 

Power  Versus  Time .  7-5 

7.3  Integrated  Circuits  . . .  7-7 

7.3.1  Damage .  7-7 

7.3.2  Upaets .  7-8 

8  INTEGRATED  CIRCUIT  EM  SUSCEPTIBILITY  .  8-1 

8.1  1C  Susceptibility  Data 

8.2  IC  Interference  Susceptibility  and  Failure  .  8-4 

8.2.1  Failure  Mechanism  ..........  8-4 

8.2.2  Digital  Interference  Data .  8-5 

8.2.3  Linear  Interference  Data  . .  8-11 

8.2.4  Voltage  Regulators  ..........  8-11 

8.3  Summary  . .  8-16 

8.4  References .  8-24 

9  EM  SHIELD ING/WEIGHT  TRADE-OFFS  .  9-1 

9.1  References . 9-12 

10  BIBLIOGRAPHY .  10-1 

Appendix 

A  "  SUMMARY  OF  GRUMMAN  PROTECTION  OPTIMIZATION  FOR 

ADVANCED  COMPOSITE  STRUCTURES  PROGRAM  .  A-l 

B  SUMMARY  OF  GENERAL  DYNAMICS  COMPOSITE  FORWARD 

FUSELAGE  SYSTEMS  INTEGRATION  PROGRAM  .  B-l 


11 


LIST  OF  ILLUSTRATIONS 


Figure  P&Bl 

2-1  Generalized  Waveshape  of  Current  Negative 

Cloud-to-Ground  Lightning  .  .  .  2-3 

2-2  Distribution  of  Peak  Currents  for  First  Return 

Stroke  and  Subsequent  Strokes  ...........  2-3 

2-3  Distribution  of  Time  to  Peak  Current .  2-4 

2-4  Distribution  of  Time  to  Current  Half  Value  ....  2-4 

2-5  Worst-Case  Triangular  Current  Waveform  ......  2-6 

2-6  Worst-Case  Space  Shuttle  Current  Waveform  .  2-6 

2-7  Worst-Caae  Double  Exponential  Current  Waveform  ■.  .  2-7 

2-8  Triple  Exponential  Current  Waveform 

(Discontinuous  at  t  -  0)  2-7 

2-9  Four-Term  Exponential  Current  Waveform  .  2-9 

2-10  Spectrum  of  the  Triangular  Current  Waveform 

Shovn  In  Figure  2-5  .  .  >  .......  .  .  2-10 

2-11  Spectrum  of  the  Space  Shuttle  Current  Waveform 

Shown  in  Figure  2-6 . . .  2-11 

2-12  Spectrum  of  the  Double  Exponential  Current 

Waveform  Shown  in  Figure  2-7  ...........  2-12 

2-13  Spectrum  of  the  Triple  Exponential  Current 

Waveform  Shown  in  Figure  2-8 .  2-13 

2-14  Spectrum  of  the  Four-Termed  Exponential  Current 

Waveform  Shown  in  Figure  2-9 .  2-14 

2-15  Spectrum  of  Double  Exponential  Current  Waveform 
and  Spactrums  of  Rescaled  Triple  and  Four-Termed 
Exponential  Current  Waveforms  .....  .  2-15 

2-16  Superposition  of  Figures  2-10,  2-11,  and  2-15  .  .  .  2-16 

2-17  Frictional  Charging  of  Aircraft  by  Impinging 

Particles  . .  2-19 

2-18  Noise  Sources  Associated  with  Static 

Electrification  .....  .  ......  2-19 

2-19  Corona-No ise-Source  Spectrum  Characteristics  .  .  .  2-20 

2-20  Typical  Current  Pulses  Induced  by  Streamer 

Discharges .  2-21 

2-21  EMP  Waveform . 2-23 

2-22  Spectrum  of  the  Double  Exponential  EMP 

Waveform  Shown  in  Figure  2-21 .  2-24 


tii 


' » 2  i-l  W  !  jj^i  i  V  in. A 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure  Page 

2- 23  Transmitter  Field  Strength  on  Carrier 

Flight  Data .  2-26 

3- 1  A  Material  Shell  excited  by  an  Incident 

Wave  JSi,  Hi .  3-2 

3-2  Equivalent  Problem  for  Region  "a" .  3-3 

3-3  Equivaiont  Problem  for  Region  "b" . .  .  3-4 

3-4  Equivalent  Problem  for  Region  "c"  . .  3-5 

3- 5  Wave  Approximation  for  the  Thin  Highly 

Conducting  Shell  Problem  .  ...  3-10 

4- 1  Shield  Geometries  for  which  Specially  Uniform 

Exterior  Fields  Produce  Uniform  Interior  Fields  .  .  4-3 

4-2  Magnetic  Shielding  Effectiveness  of  a  Flat 

Plate  under  a  Uniform  Magnetic  Field  .......  4-4 

4-3  Magnetic  Shielding  Effectiveness  Breakpoint 

Behavior  for  Enclosures  . .  4-7 

4-4  Magnetic  Shielding  Effectiveness  of  an  Enclosure 

under  a  Uniform  Magnetic  Field  as  a  Function  of 
Volume-to-Surface  Ratio  ....  .  4-8 

4-5  Magnetic  Shielding  Effectiveness  on  the 

Uniform  Incident  Magnetic  Field  .  4-9 

4-6  Geometry  for  Magnetic  Shielding  Effectiveness  of 

an  Infinite  Flat  Plate  under  a  Nonuniform 
Magnetic  Field . . .  4-10 

4-7  Magnetic  Shielding  Effectiveness  of  a  Flat  Plate 

under  a  Nonuniform  Magnetic  Field  generated  by 
a  Loop  Antenna  Parallel  to  the  Plate  (3  Sheets)  .  .  4-12 

4-8  Infinite  Flat  Plate  with  a  Nonuniform  Incident 

Magnetic  Field  Test  Results  .  4-15 


4-9  Magnetic  Shielding  Effectiveness  for  a 

Mixed-Orientation  Graphite/Epoxy  Composite 
Enclosure  under  a  Uniform  Field  as  a  Function 
of  Volume-to-Surface.  Conductivity  ■  10^.  Shield 


Thickness  •  0.003  m  . . .  4-17 

4-10  Electric  Shielding  Effectiveness  of  an  Enclosure 

under  a  Uniform  Electric  Field  as  a  Function  of 
Enclosure  Volume-to-Surface  Ratio  ....  .  4-27 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure  Peg* 

4-11  Surface  Transfer  Impedance  as  a  Function 

of  Frequency .  4-30 

4-12  Measured  Surface  Transfer  Impedance  of 

24  Ply  T-300  Graphite/Epoxy .  4-33 

4-13  Shielding  Effectiveness  .  4-34 

4- 14  Gain  in  Magnetic  Shielding  Effectiveness  of 

24  Ply  T300  Graphite  Composite  through 
Applications  of  Aluminum  Foil,  Aluminum 

Screen,  and  Phosphor  Bronze  Screen  .  4-35 

5- 1  Joint  Coupling .  5-2 

5-2  Structural  Joints . .  5-3 

5-3  Measured  Joint  Admittance  .  .  . . .  •  5-4 

5-4  Uniform  Slot  of  Width  w  in  a  Perfectly  Conducting 

Screen  of  Thickness  d  .......  .  5-5 

5- 5  Equivalent  Circuit  for  a  Narrow  Slot  in  a  Thick 

Conducting  Screen  ......  .  ...  5-5 

6- 1  Two-Wire  Line  Illuminated  by  a  Uniform  EM  Field  .  .  6-3 

6-2  Normalized  Plots  of  Open-Circuit  Voltage 

(ZQ  -  100,  ZL  -  30)  6-9 

6-3  Normalized  Plots  of  Open-Circuit  Voltage 

(ZQ  -  30,  ZL  -  100)  .  6-9 


6-4  Normalized  Open-Circuit  Voltage  as  a  Function 

of  Frequency  (Zq  «  100,  Z^  ■  30,  and  L  ■  10  m)  .  .  .  6-10 

6-5  Normalized  Open-Circuit  Voltage  as  a  Function 

of  Frequency  (Zq  «  30,  Z^  *  100,  and  L  ■  10  m)  .  .  .  6-10 

6-6  Normalized  Open-Circuit  Voltage  as  a  Function  of 

Frequency,  Showing  Bounds  Valid  in  Higher-Frequency 


Region  (ZQ  «  100,  Z^  ■  30,  and  L  “  10  m) .  6-12 

6-7  Normalized  Open-Circuit  Voltage  as  a  Function  of 

Frequency,  Showing  Bounds  Valid  in  Higher-Frequency 
Region  (Zq  -  30,  ■  100,  and  L  ■  10  in) .  6-12 

6-8  Wire  Over  a  Ground  Plane . .  .  6-13 

6-9  Shielded  Cable  Geometry  ...  .  6-15 

6-10  Baseline  (All  Composite)  Geometry  .........  6-24 

6-11  Voltage  and  Current  on  Nose/Tail  Wire  for 

Nuclear  EMP  Threat .  6-25 


LIST  OF  ILLUSTRATIONS  (Continued) 

Figure  Page 

6-12  V  ,  1  ou  Nose/Tail  Wire  for  Nuclear  EMP, 

oc  ac 

E  Parallel  Co  Fuselage  All  Composite  (from 

Boeing  Report)  ............  .  6-26 

6-13  Voltage  and  Current  on  Nose/Tail  Wire  for 

Direct  Lightning  Strike  .  6-29 

6-14  V  ,  I  on  Nosa/Tail  Wire  for  Nosa/Tail 

oc.  ac 

Lightning,  All  Composite  (from  Boeing  Report)  .  .  6-30 

6-15  Low  Frequency  Approximation  to  Open-Circuit 

Voltage  on  Nose/Tail  Wire  for  Direct  Lightning 

Strike  .  . . 6-32 

6- 16  Low  Frequency  Approximation  to  Short-Circuit 

Current  on  Noae/Tail  Wire  for  Direct  Lightning 

Strike  . . 6-32 

7- 1  Range  of  Pulse  Power  Damage  Constants  for 

Representative  Diodes  .  7-3 

7-2  Range  of  Pulse  Power  Damage  Constants  for 

Representative  Transistors  .  . . .  7-3 

7-3  Power  versus  Time  Failure  Curve  for 

2N4Q26  Transistor  .  7-6 

7-4  Damage  Threshold  for  Integrated  Circuits  .  7-7 

7-5  IC  Transistor  Function  .  .....  7-9 

7- 6  Minimum  V-T  Characteristics  for  Upset  .  7-9 

8- 1  Measured  Maximum  Effective  Apertures  (A  )  of 

Various  Wire  Lengths  .  .....  8-3 

8-2  Data  Points  for  100  mW  Absorbed  Power .  8-4 

8-3  Measured  and  Predicted  Worst-Case  Burnout  Levels  .  8-6 

8-4  Ranges  of  A  (or  Wunsch  K)  for  Various  Device 

Families . .  8-7 

8-5  Diagram  Explaining  Voltages  Used  for  Worst-Case 

Susceptibility  Levels  for  TTL  Devices  .  8-9 

8-6  Worst-Case  Susceptibility  Levels  for  TTL  Devices  .  8-10 

8-7  Worst-Case  Susceptibility  Values  for  TTL  Devices  .  8-12 

8-8  Worst-Case  Susceptibility  Levels  for  CMOS 

Devices . 8-13 

8-9  Worst-Case  Susceptibility  Values  for  CMOS 

Devices .  8-14 

vi 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure  Pag« 


8-10  Worst-Case  Susceptibility  Values  for  Operational 

Amplifiers . . . .  *  8-15 

8-11  Worst-Case  Susceptibility  Values  for  Voltage 

Regulators;  Ouptut  Voltage  Change  of  0.25  V  is 
Susceptibility  Criterion  .  3-17 

8-12  Basic  Series  Regulator  Circuit  ......  .  8-18 

8-13  Worst-Case  Abaorbed  Power  Susceptibility  .  8-19 

8-14  Worst-Case  Power  Density  Susceptibility  Values 

Assuming  X/2  Aperture  .  8-21 

8- 15  Upset  and  Burnout  Energies  (us  region 

transients)  for  Various  Circuit  Elements  .  8-23 

9- 1  Transfer  Impedance  Shielding  of  Structural 

Materials  and  Protective  EM  Coatings  (Valid  for 
Frequencies  below  I05  Hz)  ......  .  9-3 

9-2  Improvement  Protective  Coatings  Provide  Relative 

to  8-Ply  Graphite/Epoxy  (Valid  for  Frequencies 

below  105  Hz)  .  9-4 

2 

9-3  Forward  Fuselage  (Area  ■  100  ft  )  Weight  Penalty 

(lbs)  Imposed  by  EM  Protective  Coatings  ......  9-6 

9-4  Weight  Shielding  Figure  of  Merit  (Shielding 

Beyond  8-Ply  Graphite/Epoxy  of  EM  Protective 
Coatings .  9-7 

9-5  Gain  in  the  Magnetic  Shielding  Effectiveness  of 

24-Ply  T-300  Graphite  Composite  Through  Applications 

of  Aluminum  Foil,  Aluminum  Screen,  and  Phosphor 

Bronze  Screen  to  24-Ply  T-300  Graphite  .  9-9 

9-6  Gain  in  Magnetic  Shielding  Effectiveness  Over  an 

8-Ply  Mixed-Orientation  Graphite/Epoxy  Cylinder 
under  a  Uniform  Magnetic  Field  .  9-10 

9-7  Coating  Thickness  and  Weight  Penalty  for  Z  ■ 

-40  dB  at  Low  Frequency . 8.  .  .  .  .  9-13 

t 

9-8  Coating  Thickness  and  Weight  Penalty  for  Z  • 

-60  dB  at  Low  Frequency . 8 .  9-14 

9-9  Coating  Thickness  and  Weight  Penalty  for  Z  « 

-72  dB  at  Low  Frequency  . . 8 .  9-15 


vii 


LIST  OF  TABLES 


Table 


4-1  Magnetic  Shielding  Effectiveness  Formulas 

for  Incident  Uniform  Magnetic  Fields  .  4-5 

4-2  Summary  of  Properties  of  Magnetic  Shielding 

(2  Sheets)  .  4-17 

4-3  Frequency  (Hz)  at  which  the  Electric  Shielding 

Effectiveness  of  an  Enclosure  under  an  Incident 
Uniform  Electric  Field  is  at  a  Minimum  .  4-23 

4-4  Minimum  Electric  Shielding  Effectiveness  (dB) 

for  an  Aluminum  Enclosure . . .  4-23 

4-5  Minimum  Electric  Shielding  Effectiveness  (dB) 

for  a  Titanium  Enclosure  .  4-24 

4-6  Minimum  Electric  Shielding  Effectiveness  (dB) 

for  a  Graphite/Epoxy  Enclosure  (o  ■  104  mhos/m)  .  .  4-24 


4-7  Minimum  Electric  Shielding  Effectiveness  (dB) 


for  a  Graphite/Epoxy  Enclosure  (o  *  5  x  10J  mhos/m) .  4-25 

4-8  Properties  of  Electric  Shielding  for  Enclosures 

Under  a  Uniform  Incident  Electric  Field  ......  4-28 

6-1  Peak  Power  and  Maximum  Energy .  6-39 

8- 1  Specifications  for  Typical  TTL  Devices  .  8-8 

9- 1  Material  Parameters  Used  in  EM/Weight  Trade-Offs 

(Valid  for  Frequencies  below  IQ-'’  Hz) .  9-2 

9-2  Coating  Thickness  and  Weight.  Penalty  for 

Fixed  Shielding .  9-11 


viii 


SECTION  1 


INTRODUCTION 

A  major  concern  with  the  Increasing  use  of  composite  materials  and 
low  voltage  electronics  is  the  amount  of  electromagnetic  (EM)  coupling  to  the 
interior  of  an  aircraft  and  to  the  cables  and  electronic  uevicea  within  it. 

The  introduction  of  boron/ epoxy,  graphite/ epoxy ,  and  Kevlar/apcxy  compoaite 
materials  as  structural  elements  in  modern  airframes  will  result  in  a  substan¬ 
tial  reduction  in  airframe  weight,  due  to  tha  high  strength-to-waight  ratios 
of  these  materials.  The  use  of  these  nsw  composite  materials  has  raised  ques¬ 
tions  relative  to  the  aircraft  vulnerability  resulting  from  the  effects  of 
lightning,  high  power  radar,  nuclear  electromagnetic  pulfie  (EMP),  and  precipi¬ 
tation  static.  The  problems  are  further  compounded  by  the  fact  that  these 
materials  are  relatively  easy  to  construct,  and  have  resulted  in  a  prolifera¬ 
tion  of  available  composite  materials. 

This  report  describes  simple  methods  for  determining  the  shielding 
provided  by  an  aircraft's  exterior  surface  and  the  coupling  of  the  interior 
fields  to  cables  and  transmission  lines  within  aircraft  cavities.  This  data 
is  used  to  determine  whether  devices  commonly  found  on  aircraft  will  be  sub¬ 
ject  to  upset  or  burnout.  The  results  found  in  this  volume  can  be  used  to 
perform  trade-offs  between  EM  shielding,  weight,  and  cost. 

Section  2  describes  the  waveforms  and  the  associated  spectrum  for 
the  natural  threats  of  direct-  and  nearby-strike  lightning  as  well  as  preci¬ 
pitation  static  and  the  friend/foe  threats  consisting  of  the  nuclear  EMP,  low 
frequency  communications,  and  shipboard  microwave  radars.  A  more  detailed 
radio  frequency  (RF)  threat  has  been  published  by  the  Syracuse  Research  Cor¬ 
poration  (SRC)  as  a  separate  volume  under  this  contract  entitled  "Threats  to 
EM  Integrity  of  Advanced  Composite  Aircraft"  (SRC  TN  78-395R). 

A  formulation  starting  from  Maxwell's  equations  is  presented  in  Sec¬ 
tion  3  for  coupling  to  the  interior  of  a  composite  shell.  Approximations  are 
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made  which  decouple  che  interior  problem  from  the  exterior  by  the  use  of  the 
concept  of  transfer  impedance.  The  transfer  impedance  concept  is  simply  de¬ 
rived  for  shields  which  are  locally  planar;  that  is,  for  shields  which  are  thin 
compared  to  their  radius  of  curvature  and  for  which  the  wavelength  within  the 
shield  is  much  smaller  than  that  external  to  the  shield. 

The  surface  transfer  impedance  relates  the  interior  tangential  elec¬ 
tric  field  to  the  equivalent  exterior  surface  skin  current  density  induced  by. 
the  incident  EM  radiation.  For  homogenous  shields,  including  mixed-orientation 
graphite  composite  enclosures  at  low  frequency,  it  is  shown  in  Section  4  that 
one  can  approximately  relate  the  magnitude  of  the  surface  transfer  impedance  to 
the  magnetic  or  electric  shielding  effectiveness,  SE,  as 

|zST|  -  Z/10SE/2°  (1) 

over  the  open  interval  (fn^n»  °°)  ■  The  impedance-like  quantity  Z  is  dependent 
on  the  frequency  of  the  incident  field  and  the  shield  geometry  expressed  as  a 
volume- to-surf ace  ratio.  The  enclosure  geometries  for  which  this  relation  holds 
Includes  spheres,  cylinders,  and  parallel  plates  under  a  uniform  incident  field. 
This  section  is  described  In  more  detail  under  a  separate  report  entitled  "Re¬ 
lationship  of  Material  Properties  to  Electromagnetic  (EM)  Shielding"  (SRC  TN 
79-037). 

A  brief  definition  and  analytical  model  for  joints  is  given  in  Sec¬ 
tion  5.  Curves  are  presented  for  typical  measured  joint  admittances  and  an 
analytical  model  is  summar j zed. 

Given  an  estimate  of  the  interior  field  levels  caused  by  diffusion  or 
Joint  penetration,  simple  expressions  are  defined  in  Section  6  for  upper  bounds 
on  the  open-circuit  voltage,  short-circuit  current,  power,  and  energy  at  the 
terminals  of  a  shielded  or  unshielded  transmission  line.  Examples  are  illus¬ 
trated  for  lightning  and  nuclear  EMPs. 


Section  7  describes  the  Wunsch  model  commonly  used  to  describe  damage 
levels  as  a  function  of  pulse  width  for  a  general  class  of  devices  including 
resistors,  diodes,  and  transistors.  Section  8  summarizes  a  study  on  upset  and 
burnout  as  applied  to  integrated  circuits  performed  by  McDonnell  Douglas  en¬ 
titled  "Integrated  Circuit  Electromagnetic  (EM)  Susceptibility  Investigation". 
From  it  the  power  densities  incident  on  a  cable  terminating  in  an  integrated 
circuit  which  can  cause  device  update  can  be  obtained  as  a  function  of  frequency. 

Section  9  presents  a  trade-off  study  between  EM  shielding  provided 
by  covering  graphite/ epoxy  composites  with  highly  conducting  coastings.  Shield¬ 
ing  properties  and  the  weight  penalties  for  various  coatings  are  considered. 

In  addition,  tha  data  is  parameterized  as  a  function  of  the  thicknsss  and  extra 
weight  required  for  a  given  amount  of  shielding. 

A  bibliography  of  pertinent  documents  reviewed  in  this  study  are 
grouped  according  to  category  in  Section  10.  The  category  grouping  are  Threat 
(including  lightning,  precapitation  static,  the  nuclear  EMP,  and  shipboard  R.F 
emitters),  Shielding,  Coupling,  Transmission  Line  Coupling,  Device  Coupling  and 
Susceptibility,  and  Miscellaneous. 

Finally,  Appendix  A  summarizes  the  work  to  date  on  shielding  effec¬ 
tiveness  of  composites  and  joints  on  the  Air  ForcB-sponsored  Grumman  "Projection 
Optimization  for  Advanced  Composite  Structures".  Appendix  B  summarizes  the 
Culham  Laboratory  (United  Kingdom)  work  on  "Lightning  Coupling  to  the  General 
Dynamics  Advanced  Composite  Forward  Fuselage." 


SECTION  2 


THREAT  LEVELS 


2.0  INTRODUCTION 

This  section  provides  a  brief  description  of  the  time  waveforms  and 
associated  spectrum  of  the  threats  considered  against  a  Navy  advanced  composite 
aircraft.  The  threats  considered  include  nearby  and  direct  strike  lightning, 
the  nuclear  EMP,  precipitation  static ,  and  the  RF  threat  to  US  aircraft  aboard 
US  aircraft  carriers  caused  by  navigation  aides,  high  frequency  (HF)  communica¬ 
tions  and  carrier  based  radars.  The  RF  threat  shown  in  this  report  is  only 
cursory. 


A  more  detailed  SECRET  document  has  been  published  by  the  SRC  under 
this  contract  entitled  "Threats  to  EM  Integrity  of  Advanced  Composite  Aircraft 
<U),"  by  R.B.  Shields  (SRC  TN  78-395R1). 

2.1  Direct  Lightning  Strike 

A  generalized  wave  shape  for  the  current  flowing  from  a  typical  nega¬ 
tive  cloud-to-ground  flash  is  shown  in  Figure  2-1.  Also  indicated  are  the  five 
main  regions  of  a  lightning  flash:  the  leader,  the  initial  return  stroke,  an 
intermediate  current,  a  continuing  current,  and  one  or  more  reatrikes. 

When  sufficient  charge  accumulates  in  the  lower  part  of  a  cloud  to 
cause  an  electric  field  which  exceeds  the  ionization  threshold  of  air,  an  elec¬ 
trical  discharge  is  initiated  toward  the  earth.  Because  the  discharge  requires 
a  finite  amount  of  charge  and  time  for  the  channel  resistance  to  lower  to  the 
arc  phase,  the  discharge  proceeds  in  a  sequence  of  steps  pausing  periodically 
to  allow  the  previous  channel  section  to  become  fully  conducting.  This  mecha¬ 
nism  is  known  as  the  stepped  leader  process. 


For  an  aircraft  In  an  area  where  lightning  is  imminent,  the  highest 
electric  field  will  occur  near  the  extremities,  typically  the  nose,  wing,  and 
tail  sections.  When  the  leader  advances  to  a  point  where  the  field  adjacent  to 
the  aircraft  extremities  has  increased  to  about  30  kV/cm,  the  air  will  ionize 
and  electric  sparks  will  form  at  the  extremities,  extending  in  the  direction  of 
the  oncoming  leader.  One  of  these  so-called  streamers  will  meet  the  nearest 
branch  of  the  leader  and  form  a  continuous  spark  from  the  cloud  charge  center 
to  the  aircraft.  The  aircraft  then  becomes  a  part  of  the  path  taken  by  the 
leader.  When  Che  leader  reaches  its  destination,  a  continuous  ionized  channel 
between  charge  canters  is  formed  and  a  high  amplitude  return  stroke  currant 
flowa  back  up  this  channel. 

After  this  initial  discharge,  many  additional  complete  discharges  can 
take  place,  Including  additional  leader  phases  and  return  strokes. 

It  la  tha  return  stroke  current  which  dominates  the  overall  lightning 
flash  current  waveform,  and  which  is  often  modeled  when  effects  due  to  lightn¬ 
ing  are  being  analyzed.  Among  the  parameters  which  determine  the  current  wave¬ 
form  of  the  return  stroke  are  the  peak  amplitude,  the  time  to  peak  amplitude, 
and  the  time  to  half  peak  amplitude.  These  are  often  used  to  specify  a  current 
waveform  model.  Figures  2-2,  2-3,  and  2-4  give  the  frequency  of  occurrence  for 
values  of  these  parameters.  For  a  "worst-case"  return  stroke,  typical  values 
used  for  these  parameters  are: 

Peak  Amplitude  of  200  kA 

Time  to  Peak  Amplitude  of  2  Us 

Time  to  Half  Peak  Amplitude  of  40  Us 

Figure  2-2  shows  that  leas  than  1%  of  return  strokes  have  a  peak  amplitude  of 
more  than  200  kA.  Because  of  the  infrequency  of  such  high  peak  currents,  there 
is  a  question  as  to  tha  prudence  of  protecting  against  such  a  worst-case  situa¬ 
tion. 

A  peak  amplitude  of  200  kA  translates  roughly  into  an  axial  surface 
current  density  of 
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Figure  2-1 ►  Generalized  Waveshape  of  Current  In  Negative 
Cloud-to-Ground  Lightning  (Note  that  the 
drawing  la  not  to  scale) 


Figure  2-2.  Distribution  of  Peak  Currents  for  Firafc 
Return  Stroke  and  Subsequent  Strokes 


2-3 


0,01  0.1 


12  I  10  20  30  40  SO  60  70  10  K  It  MM 

%  >  OADINATI  , 


919  Ml 


Figure  2-4.  Distribution  of  Tine  to  Current  Half  Value 
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where  R  ia  Che  radius  of  Che  fuselage.^ 

Many  models  for  the  current  waveform  have  been  proposed.  Five  such 
models  are  described  below.  Then  the  spectrum  of  these  current  waveforms  are 
shown  and  compared. 

Figure  2-5  shows  the  triangular  function  used  in  Reference  1.  This 
is  perhaps  the  simplest  function  having  the  basic  required  characteristics  of 
a  quick  rise  to  a  maximum  followed  by  a  more  gradual  decay. 


Figure  2-6  shows  the  Space  Shuttle  Lightning  Protection  Criteria 
waveform  as  given  in  Reference  2.  This  waveform  includes  the  intermediate  and 
continuing  current  phaoes  of  tha  lightning  flash. 


A  doubls  exponential  function  as  shown  in  Figure  2-7  was  used  in  Re¬ 
ference  3  as  a  model  for  tha  return  stroke  current.  Analytically,  thlB  func¬ 
tion  is' given  by 

I(t)  -  l0(e"at  -  e"0t)  I0  -  206  kA  (2) 

a  -  1.7  x  104  Hz 
0  -  3.5  x  106  Hz 

A  triple  exponential  function  was  used  in  Reference  4.  This  model 
has  a  peak  amplltuda  of  about  23  kA  and  is  shown  in  Figure  2-8.  The  analytic 
form  for  this  function  is 

I(t)  -  I0(e"at  -  e“6t)  e"Yt  lQ  -  30  kA 

"  I2  -  2.5  kA 

a  -  2  x  10^  Hz 
0  -  2  x  105  Hz 
Y  -  2  x  103  Hz 


(3) 


Figure  2-5.  Worat-Case  Triangular  Current  Waveform 


TIME  ^ot  to  SCA 1 9 ) 


Figure  2-6.  Worat-Case  Space  Shuttle  Current  Waveform 
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Figure  2-7.  Woret-Caee  Double  Exponential  Current  Waveform 


Figure  2-8,  Triple  Exponential  Current  Waveform^ 
(Dlacontinuoa  at  t  *  0) 
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The  third  tern  la  included  to  account  for  the  continuing  current. 

One  problem  with  this  modal  is  that  the  current  is  allowed  to  jump  disconti¬ 
nuous^  from  0  to  at  t  *  0. 

Finally,  Figure  2-9  shows  a  current  waveform  consisting  of  the  sum  of 
four  exponentials.  This  waveform  was  proposed  in  Reference  5  as  a  modification 
of  the  previous  model  (Figure  2-8),  in  order  to  make  the  current  continuous  at 
t  ■  0.  The  function  shown  in  Figure  2-9  is  given  by 

Kt)  -  I0(e”°lt  -  e"0t)  9-  t^(e”Yt  -  e~6t)  IQ  -  30  kA  (4)' 

■  2,5  kA 
Ql  •  2  x  104  Hz 
8  -  2  x  105  Hz 
Y  -  1  x  103  Hz. 

6  *  2  x  104  Hz 

It  is  also  of  interest  to  examine  these  current  waveforms  in  the  fre¬ 
quency  domain.  Figures  2-10  through  2-14  show  the  Fourier  transforms  of  the 
waveforms  shown  in  Figures  2-5  through  2-9,  respectively. 

In  order  to  better  compare  the  spectrums  of  the  waveforms  in  Fig¬ 
ures  2-12,  2-13,  and  2-14,  Equations  3  and  4  can  be  modified  so  that  they  both 
have  a  peak  current  of  2C0  kA.  This  is  accomplished  by  multiplying  the  right- 
hand  side  of  liquation  3  by  8.7  and  multiplying  the  right-hand  side  of  Equa¬ 
tion  4  by  9.1.  The  spectrums  of  the  resulcant  functions  are  plotted  together 
in  Figure  2-15  along  with  the  spectrum  shown  in  Figure  2-12.  Figure  2-16  com¬ 
bines  Figures  2-10,  2-11,  and  2-15. 

It, can  be  seen  from  Figure  2-16  that  the  first  two  models  (Fig¬ 
ures  2-5  and  2-6)  have  virtually  identical  spectrums.  The  spectrums  of  the 
triple  exponential  model  has  a  higher  amplitude  at  high  frequencies  than  any 
of  the  other  models.  This  may  be  due  to  the  discontinuity  that  this  model 
Introduces  at  t  *  0. 
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Figure  2—12 .  Spectrum  of  the  Double  Exponential  Current  Waveform  Shown 
in  Figure  2-7 
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Figure  2-15.  Spectrum  of  Double  Exponential  Current  Waveform  end  Spec- 
truae  of  Rescaled  Triple  and  Four-Termed  Exponential 
Current  Waveforms 
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It  should  be  noted  thet  it  la  not  universally  accepted  that  the  cur¬ 
rent  waveform  can  be  accurately  modeled  by  piece-wise  linear  or  exponential 
type  models.  In  Reference  6,  the  mechanism  of  the  return  stroke  formulation  is 
studied.  That  analysis  suggest  that  the  current  waveform  may  dlffar  substanti¬ 
ally  from  the  exponential  type  models. 

2.2  Nearby  Lightning  Strike 

The  fields  produced  by  a  lightning  strike  near  an  aircraft  can  be 
approximated  by  thoae  due  to  an  infinite  current  column  with  the  same  current 
waveform  aa  in  the  attached  case.  The  magnetic  field,  H,  is  given  by^3‘  p*  ^ 

H  -  1/2UR  '  (5) 

where  1  la  the  current  waveform  and  R  ia  the  distance  from  the  lightning  strike 
to  the  aircraft. 

In  particular,  if  R  ■  100  m  and  I  *  200  kA,  wa  have 

max 

'  320  A/* 

The  induced  surface  current  density  would  then  be 

Jmax  “  2  Hmax  "  640  A/m  -  °‘64  kA/ra  (6) 

This  ia  two  orders  of  magnitude  smaller  than  the  surface  current  due 
to  a  direct  strike,  as  calculated  in  Equation  5. 

Generally,  the  currents  induced  by  a  nearby  lightning  strike  can  be 
expected  to  be  quite  small  when  compared  to  the  currents  due  to  a  direct  strike. 

2.3  Precipitation  Static 

When  an  aircraft  flies  through  dry  pracipitatj on  auch  as  sleet,  hail 
or  snow,  the  impact  of  particles  on  the  aircraft  will  cause  a  charge  to  separate 
from  some  of  the  particles  and  join  the  aircraft,  leaving  the  aircraft  with  an 
excess  of  positive  or  negative  charges  (depending  on  the  form  of  precipitation) 


(••«  Figure  2-17).  The  electric  potential  of  region*  of  the  aircraft  can  be 
iricreased  to  the  point  that  corona  discharges  take  place  (see  Figure  2-19), 
These  discharge*  are  in  the  form  of  a  series  of  short  pulses.  The  individual 
pulses  associated  with  these  discharges,  according  to  Reference  1,  can  be 
modeled  as 

fCt)  -  Ae'aC  (7) 

where  A  is  the  pulse  amplitude  and  a  is  the  pulse  delay  constant.  Both  A  and 
a  ere  functions  of  atmospheric  pressure,  and  hence  of  altitude.  The  number  of 
such  pulses  per  minute,  denoted  by  v,  is  also  a  function  of  atmospheric  pres- 
sure.  A  good  fit  to  observed  values  of  A,  a  and  v  can  bs  obtained  by  using: 

A  -  7.90569  x  105  p0,25 

a  -  2.7777  x  10“2  p  (8) 

V  -.3,83767  x  103  p0,48 


where  p  ie  atmospheric  pressure,  measured  in  torrs. 


Pressure  and  altitude  can  be  related  by 


P 


-760  exp  -  ( 


h  »  0.002  h 
25 


2 

-0 


(9) 


where  h  is  altitude  given  in  kilofeet  and  p  is  again  in  torrs.  The  noise  spec¬ 
trum  produced  by  V  pulses  per  second  is  given  by 


P 


A(  £ 


(0J2  + 


2, 

a  ) 


■1/2 


(10) 


Figures  2-19a  and  2-19b  show  some  characteristics  of  this  spectrum. 


When  charge  is  deposited  on  dielectric  surfaces  such  as  radomes, 
windshields  or  composite  material  structures,  it  cannot  flow  freely  to  other 
parts  of  the  aircraft  because  of  the  insulating  character  of  these  surfaces. 
If  the  potential  between  these  surfaces  and  the  main  body  of  the  aircraft  be¬ 
comes  too  great  a  surface  streamer  discharge  will  occur. 
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Figure  2-17.  Frictional  Charging  of  Aircraft  by  Impinging  Particles 
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Figure  2-18,  Noise  Sources  Associated  with  Static  Electrification 


RELATIVE  NOISE -CURRENT  SPECTRAL  DENSITY 


This  waveform  has  been  used  with  a  typical  coupling  factor  of  ip  ■ 
3  a**^  foe  aevaral  streamer  lengths  to  compute  the  induced  current  in  a  wire 
located  immediately  below  the  streamer.  The  results  of  these  calculations 
are  shown  in  Figure  2-20. 
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Figure  2-20.  Typical  Current  Pulses  Induced  by  Streamer  Discharges 


To  aid  In  understanding  streamer-noise  source  characteristics ,  source 
spectrum  calculations  have  been  carried  out  in  Reference  1  for  various  dielec¬ 
tric  regions.  The  results  indicate  that  as  the  size  -of  the  region  increased  so 
does  the  low  frequency  content  of  the  streamer-noise  source  spectrum. 

2.4  EMP  Threat 

A  nuclear  detonation  is  accompanied  by  an  EM  pulse,  generally  refer¬ 
red  to  as  EMP  or  nuclear  EMF.  This  EMP  should  be  distinguished  from  other  nuc¬ 
lear.  shorter  wavelength.  EM  radiation  associated  with  a  nuclear  detonation  such 
as  visible  light,  X-rays,  or  gamma  rays. 

The  EMP  threat  stuuiud  here  is  the  high  altitude  burst  threat  which 

(2  7) 

is  commonly  used  in  the  op<~n  literature'  1  .  The  incident  field  is  assumed 
to  be  e  plane  wave  wltn  an  alectrlc  field  waveform  given  by  a  double  exponential 
function  aa  shown  in  Figure  2-21.  Analytically,  this  waveform  Is  given  bj * 

E(t)  ■  Vo(exp“ott  -  exp~et)  (12) 

where  we  will  use  the  following  typical  valuee  for  the  parameters: 

V  -  58.15  kV/ra 
o 

a  -  6.3  MHz  ‘  (13) 

8  -  189  MHz 

This  waveform  has  apeak  value  of  50  kV/m  with  a  riae  to  peak  time  of 
0.019  ye  and  a  time  to  half  peak  amplitude  of  0.185  ys.  The  H-fiald  is  assumed 
to  be  given  by  H  «  E/ri0  where  nQ  "  377  f)  is  the  impedance  of  free  space.  It  is 
interesting  to  note  the  difference  between  this  threat  and  tha  double  exponen¬ 
tial  lightning  EMP  threat  shown  in  Figure  2-7.  The  time  scale  of  the  lightning 
EMP  is  about  100  times  that  of  the  EMP.  It  is  really  this  difference  In  time 
scaling  that  makes  the  two  threats  appear  so  different  with  regard  to  threat 
analysis.  This  difference  shows  up  clearly  in  the  frequency  domain. 

The  Fourier  transform  of  the  EMP  threat  as  given  in  Equation  L2  can 
be  easily  computed  to  giva 
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Figure  2-21.  EMP  Waveform 
E(W) 
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where  io  -  2irf  and  f  la  frequency. 

Figure  2-22  presents  a  plot  of  the  amplitude  of  E  as  a  function  of 
frequency.  Compare  this  to  Figure  2-12  which  shows  the  spectrum  of  the  double 
exponential  lightning  BMP  waveform.  The  EM?  waveform  has  a  much  higher  fre¬ 
quency  content  than  the  lightning  EMP  waveform. 

These  results  tend  to  verify  that  for  an  aircraft  size  target,  the 

lightning  EMP  can  be  treated  fairly  accurately  ising  low  frequency  techniques 

whereas  the  EMP  threat  cannot.  For  example,  at  100  MHz  (corresponding  to  a 

-2  5 

wavelength  of  -10  ft)  the  amplitude  of  the  EMP  lo  about  10  *  times  its  peak 

value.  The  lightning  amplitude  of  this  frequency  is  down  from  its  peak  by  a 
factor  of  10 
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2.5  Shipborna  RF  Threat 


A  detailed  RF  threat  document  has  been  generated  under  separate  cover 
entitled  "Threats  to  the  Electromagnetic  Integrity  of  Advanced  Composite  Air- 
craft." v  1  Sources  of  the  information  are  included  in  the  document.  An  unclas¬ 
sified  threat  level  is  shown  in  Figure  2-23.  It  shows  the  peak  values  of  the 
carrier  deck  environment  expressed  in  V/m,  Only  the  more  powerful  aircraft 
carrier  transmitters  are  shown:  a  navigation  aid  at  300  to  500  kHz,  HF  com¬ 
munications  at  2  to  30  MHz,  and  radars  atiUHF  (200  and  450  MHz)  and  microwave 
frequencies  (greater  than  1  GHz).  Many  other  emitters  of  lower  power  are  not 
sho'm. 


This  information  was  presented  by  G.  Weinstock  of  McDonnell-DouglaB 
Corporation,  St,  Louis,  Missouri  at  the  Naval  Air  Systems  Command  on  5  March 
1979.  It  correlated  wall  with  the  threat  described  in  Reference  8. 

Radar  and  communication  sources  are  specified  in  terms  of  their  effec- 
tivi  radiated  power  (ERP) .  The  peak  ERP  jls  available  on  many  emitters.  This 
quantity  can  be  measured  on  noncooperativja  emitters  and  it  can  also  be  estimated 
fairly  accurately  from  knowledge  of  transmitter  output,  line  losses,  and  antenna 
gain.  The  peak  ERP  represents  the  peak  power  in  a  pulse  or  continuous  wave/ 
amplitude  iqodulatlon  waveform  and  the  average  power  in  a  continuous  wave/fre¬ 
quency  modulation  waveform.  The  average  ERP  is  calculated  by  multiplying  the 

I 

peak  ERP  by  the  duty  cycle  for  a  pulsed  radar.  Both  peak  and  average  ERP  are 
useful  for  studying  electromagnetic  inteferences,  with  the  peak  being  used  to 
estimate  the  voltage  spikes  induced  in  the  electronics  and  the  average  being 
used  to  determine  heating  or  burn  out  levels.  ERP  has  the  units  of  power  (watts* 
kilowatts,  etc.)  and  is  frequently  expressed  in  dB  referred  to  a  milliwatt  (dBm) 
so  1  W  ■  103  oW  -  +30  dBm. 

Power  density  and  field  intensity  generated  by  a  radiating  source  de¬ 
pend  on  the  distance  from  the  source.  Assuming  that  one  is  in  the  far  field, 
the  power  density  is  giver,  by: 

KRP 

Power  Density  ■  ~ — - 
4tt  r2 
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Transmitter  Field  Strength  on  Carrier  Flight  Deck 


where  r  is  Che  distance  from  the  radiator.  Power  density  is  commonly  expressed 
2 

in  mW/cm  , 

Field  intensity  is  given  by: 

E  - 

If  £RP  is  in  W  and  r  ia  in  ra,  the  units  of  E  are  V/ro  which  is  common  usage. 

Damage  mechanisms  for  devices  are  thermal  in  nature.  For  worst-case 
analysis,  tha  hast  la  assumad  to  be  produced  by  the  absorbed  RF  signal,  and 
thara  is  no  frequency  dependence.  At  pulse  durations  in  excess  of  about  10  us, 
as  rUacuseed  in  Saction  7,  tha  amount  of  powar  required  for  damage  is  set  by 
the  rate  at  which  heat  can  be  conducted  away  from  the  hot  spot.  For  pulee  dura¬ 
tions  in  excass  of  30  ys,  the  average  power  la 


-  average  power 
I?paak  «  pulse  peak  power 
?W  *  pulse  width 

PRF  »  pulse  repetition  frequency 

Typical  pulse  widths  are  around  0.4  us  and  PRF s  can  vary  between  10 
to  100  pules/ s  up  to  thousands  depending  on  the  application. 

In  addition,  a  typical  scanning  radar  typically  ravolvas  at  0  to 
12  ravolutlon/min  with  a  1°  baamvldth.  An  aircraft  on  a  carrier  dack  is  than 
in  the  main  beam  of  the  scanning  radar  for 

0B 

TD  “  ~~RPM  ~x  "360"  Mcond/beamwidth 
60 

whare  0B  is  the  reder  antenna  baamvldth  and  RPM  is  the  ravolution/min  scan  rata 
of  tha  radar  antanna.  Antenna  dwell  times  due  to  scan  can  thus  be  roughly  on 
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the  order  of  50  us.  This  information  is  useful  in  obtaining  equivalent  rectan¬ 
gular  pulse  lengths  for  use  in  damage  power  evaluation  using  a  Wunsel  model  as 

described  in  Section  6. 
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SECTION  3 


PENETRATION  OF  ELECTROMAGNETIC  WAVES 
THROUGH  LOSSY  SHELLS 


The  penetration  of  electromagnetic  waves  through  lossy  shells 
is  of  interest  in  the  general  problem  of  determining  electromagnetic 
Interference  of  electrical  equipment  interior  to  aircraft ,  missiles,  and 
other  vehicles.  The  problem  we  consider  here  is  that  of  field  penetra¬ 
tion  into  an  interior  region  completely  enclosed  by  a  sheet  of  lossy 
matter,  tor  simplicity,  we  will  consider  the  lossy  matter  to  be  linear, 
homogeneous,  and  Isotropic.  The  relaxation  of  any  one  of  these  three 
restrictions  greatly  complicates  the  problem. 


3.1  FORMULATION  OF  THE  PROBLEM 

Figure  3-1  illustrates  the  general  problem  to  be  considered.  A 
time-harmonic  electromagnetic  wave  E_  ,  H*  Is  incident  on  a  body  defined 
by  the  external  surface  and  the  internal  surface  S2*  Unit  outward 
normals  to  the  surfaces  and  are  denoted  by  n^  and  n,,,  respec¬ 
tively.  The  two  surfaces  divide  all  space  into  three  regions,  region 
"a"  external  to  S^»  region  "b"  between  and  Sj ,  and  region  "c"  internal 
to  $2'  The  constitutive  parameters  of  region  "a"  are  denoted  by  e^,  Ua« 
of  region  "b"  by  e,  ,  y,  ,  and  of  region  "c"  by  e  ,  u  .  Los a  is  taken  into 

D  D  C  C 

account  by  letting  e  and/or  y  be  complex.  The  total  field  in  region  "a" 
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region  a 


Figure  3-1.  A  Material  Shell  excited  by  an  Incident  Wave  E1,  H1 

it  denoted  by  E1  +  Ea,  H1  +  Ha,  that  in  region  "b"  by  Eb,  Hb,  and 
that  in  region  "c"  by  Ec,  H,c, 

We  next  divide  the  problem  into  three  equivalent  problems, 
one  for  each  region. ^  Figure  3-2  ahows  the  equivalent  problem  for 
region  "a".  It  consists  of  equivalent  electric  and  magnetic  currents 

-  n.  x  (H1  +  Ha)  ^ 

Mj  »  (E1  +  ES)  x  Uj 

on  S^i  radiating  into  an  infinite  medium  of  constitutive  parameters 
ee‘  ^e  Ea,  Ha  la  that  produced  by  M^v  which 


I 

iV: 


l, 


S' 


h\ 

ti' 

m  i 

r 


Figure  3-2.  Equivalent  Problem  for  Region  "a* 


cm  be  calculated  using  the  potential  integrals  and  the  "infinite 
region"  Green's  function 

-Jkjr  -  r’| 


,a  _  e 


(2) 


where  «  w/eTv^ ,  and  r_,  jr*  are  the  radius  vectors  to  the  source  point, 
field  point,  respectively.  We  represent  this  field  computation  by 


I*  -  V 

H*  -  11* (J^  Mx) 

Note  that  the  JE*  end  Ha  operators  are  linear,  that  is,  jC*(^,  M)  « 
E*(J,  0)  +  E*(0,  M). 


(3) 


Figure  3-3  shows  the  equivalent  problem  for  region  Mb".  It 
consists  of  the  current*  -J^,  on  S^»  plus  the  current* 
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V  ub 


Figure  3-3.  Equivalent  Problem  for  Region  "b" 
J 2  -  «2  *  Hb 

M2  *  Eb  x  tt_2 


(A) 


on  S2»  all  radiating  into  an  infinite  medium  with  constitutive  parameter* 

b  b 

e^,  Ub  everywhere.  The  field  E  ,  H  is  that  produced  by  -J^,  -Mj  and 
J2*  —2*  wh*cb  can  calculated  using  the  potential  Integrals  and  the 


"infinite  region"  Green's  function 

-iK  \v  -  r '  | 

b  e _ 

®  "  Ait  |r  -  r'  | 


(5) 


where 


u)/ebyb •  We  represent  this  field  computation  by 


Eb  •  -  Eb ( J x ,  Mx)  +  Eb(J2,  M2) 

Hb  -  -  Hb(Jlt  Mx)  +  Hb(J2,  M2) 
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(6) 


Hi  re  we  have  used  the  linearity  relationship  to  replace  E*5  (-J,  -M)  by 
-^(J,  M),  and  similarly  for  H^3. 

Figure  3-4  shows  the  equivalent  problem  for  region  "c".  It  con¬ 
sists  of  the  currents  -Mg  on  $2»  radiating  into  an  Infinite  medium 

0  c 

with  constitutive  parameters  c  ,  y  everywhere.  The  fiald  E  ,  H'  is 

C  C 

that  produced  by  -Jj.  which  can  be  calculated  from  the  potential 
integrals  end  the  "infinite  region"  Green's  function 


where  kQ  “  w/eT^T.  We  represent  thie  field  computation  by 


(7) 


Figure  3-4.  Equivalent  Problem  for  Region  "c" 


EC  “  “  EC(Jr  M2) 


HC  -  -  HC(J2>  M2) 

where  we  have  «g«ln  used  tha  ralatlonahlp  Ec(-J,  ^M)  -  -  EC(J,  M) ,  and 
eimilarly  for  H°. 

Finally,  wa  must  apply  the  boundary  conditions  that  tangential 
component*  of  E  and  H  In  tha  original  problem  are  oontluuoua  across 
and  Sj,.  In  terma  of  tha  equivalent  problem  "a",  Jj£ari  and  jg£  must 
ba  evaluated  just  outside  Sj ,  denoted  S^,  since  they  are  discontinuous 
across  J^i  on  S^.  Similarly!  in  terms  of  the  equivalent  problem  "b" 
and  H^an  must  bs  evaluated  Just  inside  S^,  denotsd  S^,  since  they 
are  dlecontinuoue  across  -J^,  -M^  on  S^*  We  therefor  a  have  for  the 
continuity  conditions  on 


(8) 


(E*  +  E1)  +  «  I 


tan  tan 


(H*  +  H1)  +  -  Hb 

tan  tan  S.^ 


(9; 


Similar  reasoning  and  notation  leads  to  the  continuity  condition!*  for  S2 


.  +  -  E 

"tan  S2  ton  $2 


(10) 


r  +  - «  - 

tan  S2  tan  S2 


Tha  four  equation#  resulting  from  substituting  Equations  3,  6,  and  8  into 


3-6 


Equations  9  and  10  art  aufficiant  to  determine  tha  four  unknowns  M^,  J2> 
ana  Mj • 

To  express  these  four  aquations  in  operator  notation,  we 
define  tha  following  linear  operators: 


B 


tan  S. 


H* 


tan  S, 


-  «-u<lr  «!> 


*u<4. 

Mx) 

^*21^2* 

m2) 

<<4- 

V 

— 2> 

M.) 

”1 

*C22^£2» 

m2) 

^12^1' 

\) 

’  "  ^22^2 

.  m2) 

*^22^2’ 

a2> 

*22  <4' 

a2> 

(U) 


It  should  ba  apparent  that,  in  tha  notation  «£*  ,  x  denotos  the  consti- 

PH 

tutiva  parameters  C,  u  ,  P  denotes  the  surface  S„  on.  which  tha  currants 
reside,  and  q  denotes  the  surface  on  which  the  tangential  components 
of  E  are  evaluated.  Similar  notation  applies  to  the  ft*  operator  for 

pq 
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the  tangential  components  of  H.  £  denotes  an  alectric-fiald  operator 
and  denotes  a  magnetic-field  operator.  We  can  now  write  the  equa¬ 
tions  resulting  from  Equation  10  as 


^11^-1*  -1^ 

-Kia-V 


+  ^~11  (-l '  -l'  '  ^21^-2'  -21  "  Stan  St 
+  ^U^-V  -1J  "  '^21  (-2 ’  -2*  '  Stan  Sj 

+  42<£2,  &2>  +  V  *  0 

*inin(ir»1>  +  Hj)  -°  ■ 


a:) 


The  K1,  H1 


are  continuous  across  S^,  hence  we  have  dropped  the  super¬ 


script  on  in  the  right  hand  terns  of  the  first  two  equations.  The 

operators  <C  and  are  known,  but  complicated.  Equation  12/to* 

...  .•-* 

general  in  that  they  apply  to  any  shell  of  linear*  homogeneous,  and 
isotropic  matter.  It  should  be  pointed  out  that  there  are  other  sur- 
face  formulations  for  the  problem'*"'  equivalent  to  the  one  we  have 


discussed  in  detail  above. 


3.2  THIN  HIGHLY  CONDUCTING  SHELLS 

Composite  materials  which  have  a  high  conductivity  (o  -  10  )  are 
used  extensively  in  military  aircraft  construction.  We  have  ccmaid&red 
soma  approximate  formulations  for  thin  highly  conducting  shells. 


For  very  low  frequencies,  that  is,  whan  tha  wavalnngth  in  the 
shell  is  large  compared  to  shall  thickness  t,  we  can  i  se  the  impedance  sheet 
approximation  of  Reference  3.  In  this  cast,  the  problem  reduces  to  that  of 

(A) 

a  loaded  body,  for  which  the  operator  equation  in 

*a>  +  -  $L  s  (i3) 

Here  we  have  considered  and  S2  to  be  approximately  the  same  surface  S, 
supporting  an  electric  current  «J.  The  effect  of  the  equivalent  magnetic 
current  it*  negligible  compared  to  that  of  J[.  The  load  Impedance  for  this 
case  Is  obtained  by  substituting  a ^  for  jwAe  in  Reference  3,  or 


9  oTd 


Since  the  shell  is  highly  conducting,  this  solution  is  valid  only  at 
very  low  frequencies. 

For  higher  frequencies  we  can  consider  region  "b"  to  support 
traveling  waves,  and  use  a  transmission  lins  analogy^  •  Figura  3-5  shoos 
a  section  of  the  shell  between  surfaces  3^  and  S2,  assumed  to  be  locally 
plane.  The  Intrinsic  Impedance  of  the  shell 

nb  •  a  +  j)y^  (13> 

is  normally  much  smaller  in  magnitude  than  n&  and  nc  (uauolly  free  space) . 
Hence,  region  "a”  sees  alaost  a  abort  circuit  at  S^,  and  region  "b"  sees 
almost  an  open  circuit  at  S2*  Thus,  in  region  "b”,  we  havt 
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2*0 


2  ■  d 


Figur* 


region  "a" 


£1+ia 

+  Ha 


Oi 

approximate/** 
short  circuit 


region  "b" 


. . 

waves 

■4— — 


region  "c" 


s 


2 


approximate***! 
open  circuit 


I-5.  Wav*  Approximation  for  th*  Thin  Highly  Conducting 
Shall  Problem 
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(16) 


■  A  ainh  Yfe(t  -  a) 

Efc  “  nbA  cosh  Yb(t  -  *) 

where  Yb  1*  th«  intrinsic  propagation  constant  in  tha  shall, 

Yb  B  (1  +  1) 


(17) 


and  t  is  tha  distanca  from  in  rsglon  "b".  Tha  Impedance  saan  at 
3,  is 

^  “  ft  -  nb  coth  Ybt 

6  B-0 

Insofar  as  tha  external  problem  la  aoncarnad,  wa  still  use  Equation  13  for 
tha  external  problem  with  ^  given  by  Equation  18.  Kota  that 

3xF«  V  (ls> 

which  is  the  very  low  frequency  approximation,  and 


t*£  nb 


which  la  the  high  frequency  approximation;  i.e.,  the  shell  looks 
infinitely  thick  to  the  exterior  field. 

Zt  still  remains  to  determine  tho  interior  field.  For  this, 
,  evaluate  A  in  Equation  16  by  letting  z  ■  0. 


J1  “  Ht  “  A  ,inh 
M1  "  Zt  "  nbA  co#h  YbC 


(21) 
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The  first  equation  gives 


alnh  y.t  (22) 

D 

where  we  have  set  J1  ■  J  of  Equation  13.  The  second  equation  of  Equation  21 
gives  an  approximate  solution  for  M^,  which  is  not  needed  for  the  internal 
problem.  (The  insures  that  the  wave  in  the  equivalent  problem  of  Fig^ 
ure  3-3  travels  only  inward;  i.e.,  there  is  zero  field  external  to  region  "b".) 
Using  Equation  22  and  setting  z  ■  t  in  Equation  16,  we  have 


H 


Z“C 


0 


E. 


*  n,. 


Z“t 


ainh  Yfet 


(23) 


We  use  approximate  equalities  in  Equation  23  because  we  have  used  the 
approximation  that  region  "b"  sees  an  open  circuit  at  S^.  From  Equa¬ 
tion  23  we  have 


0 

-  nb 

sinli  y^t  —  *  — 


(24) 


For  a  better  approximation  to  in  Equation  24  we  could  use  the  wave  impe¬ 
dance  looking  into  region  "c"  to  relate  J_2  t0  ^or  t^^s>  we  cou^  '4se  Ho 

as  known  in  the  third  equation  of  Equation  12  withjf  !?„  -  0  to  determine  J„. 
Alternatively,  we  could  use  as  known  in  the  fourth  equation  of  (12) 
with  "  0  t0  determine  J^.  If  necessary,  we  could  also  take  J_j  and 

as  known  quantities  in  either  of  these  two  equations.  For  a  cruder, 
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but  easier  approximation,  we  could  assume  plane  waves  at  S2  in  region  "c", 
and  obtain 


j  a - 

—2  r)  sinh  y,  t 


(25) 


Since  1/n  <<:  1  usually,  J„  is  small  compared  to  M„,  but  not  zero  as  implied 

c  ~ z  ~i 

by  the  first  of  equation  of  Equation  24. 

Once  whe  have  and  j^,  we  can  calculate  E_c  and  Hc  in  region  "c" 
by  solving  the  "homogeneous  region"  problem  of  Figure  3-4.  This  involves  the 
potential  Integrals  with  constitutive  parameters  those  of  region  "c".  Note 
that,  Insofar  as  the  field  In  region  "c"  is  concerned,  the  equivalent  magnetic 
current  M2  contributes  more  than  the  equivalent  electric  currant  J2> 


3.3  DISCUSSION 

The  general  three  region  problem,  presented  by  Figure  3-1,  la  basi¬ 
cally  very  complicated.  The  solution  of  the  three  equivalent  problems,  Fig¬ 
ures  3-2,  3-3,  and  3-4,  could  in  principle  be  obtained  by  solving  Equa¬ 
tion  3-12  by  the  moment  method^’^.  For  shells  of  revolution,  the  required 

computer  programs  could  be  obtained  from  those  used  r  \  homogeneous  material 
(2) 

body  of  revolution'  .  However,  this  would  require  considerable  effort.  A 
combination  of  these  programs  plus  the  thin  shell  approximations  of  Subsec¬ 
tion  3.2  could  be  used  for  an  approximate  solution  to  that  problem.  However, 
this  again  represents  a  considerable  effort.  In  any  event,  a  careful  study 
should  ba  made  to  determine  the  ranges  of  parameters  for  which  the  thin  con¬ 
ducting  shell  approximations  are  valid. 
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SECTION  4 

RELATIONSHIP  OP  MATERIAL  PROPERTIES  AND 
TRANSFER  IMPEDANCE  TO  EM  SHIELDING 

The  EM  protection  offered  by  a  shield  la  generally  specified  In 
of  the  electric  and  magnetic  shielding  ef fectiveneaa  of  the  shield,  which 
defined  by 

MSE  -  20  log1(J  |  MSR”1 1 

where 

j^-i  B  Incident 
Internal 

end 

ESE  -  20  log1Q  lESR"1!  (2) 

where 

ESR-1  -  (2a) 

INTERNAL 

The  quotients  of  the  interior  and  incident  fields  are  referred  to  as  the  magne¬ 
tic  and  electric  shielding  ratios.  In  the  literature  that  is  available,  some 
authors  (e.g.,  Bedrosian  and  Lee  with  respect  to  uniform  incident  fields)  de¬ 
fine  the  magnetic  shielding  ratio  to  be  the  ratio  of  the  internal  magnetic  field 
to  the  uniform  portion  of  the  external  magnetic  field.  One  must  be  careful  when 
using  this  definition  since  the  "definition"  can  change  with  shield  geometry! 
for  a  flat  shield  the  scattered  field  is  uniform  so  the  entire  external  field 
is  uniform,  while  for  a  curved  shield  only  the  incident  field  will  be  uniform. 
The  inclusion  of  the  scattered  field  in  the  magnetic  shielding  ratio  introduces 
a  6  dB  gain  in  the  magnetic  shielding  ef fectivenees  of  the  shield. 

The  baaic  problem  with  such  shielding  specification  is  one  of  unique¬ 
ness.  In  general,  the  interior  fields  are  not  specially  uniform  evan  when  those 


terms 

is 

(1) 

(la) 


external  to  the  shield  <<  n  this  case,  ths  shielding  effectiveness  becomes 
dependent  upon  the  choice  of  the  interior  field  to  use  in  the  shielding  effec¬ 
tiveness  definition.  Although  the  shielding  effectiveness  specification  can  be 
ambiguous,  there,  are  certain  geometries  for  which  a  specially  uniform  incident 
field  will  produce  a  uniform  interior  field.  These  geometries  are  Bhown  in  Fig¬ 
ure  4-1,  For  these  cases,  the  shielding  effectiveness  definitions  are  unique. 

The  indicated  dimensions  are  assumed  to  be  Bmall  in  free  space  wavelengths. 

The  interrelationships  between  electric  shielding  effectiveness,  magne¬ 
tic  shielding  effectiveness,  and  surface  transfer  impedance  for  these  geometries 
under  an  incident  uniform  magnetic/electria  field  end  their  dependence  upon  the 
incident  frequency  and  the  ahield  material  parameters  have  been  Investigated, 
included  in  the  Investigation  was  a  study  of  the  magnetic  shielding  effective¬ 
ness  of  an  infinite  flat  plate  with  an  incident  nonuniform  magnetic  field  gene- 
bated  by  a  nearby  loop  antenna,  A  complete  detailed  report  of  this  study  is 
Contained  in  Reference  6. 

4.1  SHIELD  EFFECTIVENESS  FOR  A  UNIFORM 
MAGNETIC  FIELD 

For  a  uniform  magnetic  field,  the  magnetic  shielding  effectivenesr  Is 
a  function  of  the  ahield  material  parameters  (a,  u,  E,  d),  the  frequency  of  the 
impinging  wave,  and  the  shield  geometry.  The  shielding  effectiveness  formulas 
are  summarized  In  Table  4-1. 

For  low  frequencies,  u  <  the  invetse  ma5net‘-ic  flhieldltl*  ™tio 

of  a  flat  plate  is  given  by  >Jed 

MSR~1  “  1  +  Z  a  d  (3) 

0 

and  hence  is  completely  determined  by  the  conductivity  and  the  thlckneao  of  the 
ahield.  Figure  4-2  illustrates  the  low  frequency  magnetic  shielding  effective¬ 
ness  available  for  aluminum,  titanium,  mixed-orientation  graphite/ epoxy ,  and 


u  <  ■>  cosh(Yd)  a  1,  sinh(Yd)  “  Yd. 

wad2 
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b)  CyUfldar- 
longitudinal 
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o)  cyUadar- 
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axcitatlcm 


d)  ParaUal 
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eranavatia 
•Hesitation 


a)  Slngla  plaoa 


Voluea-ta- 


Figure  4-1.  Shield  Geometries  for  which  Specially  Uniform  Exterior 
Fields  Produce  Uniform  Interior  Fields 


Table  4*1.  Magnetic  Shielding  Effaotivanaaa  Formulas 
for  Incident  Uniform  Magnetic  Fialda 


Gaomerty 

Inverse  Magnetic  Shielding  Ratio 

(MSK"1  -  "I,,CIDEKI  ) 

INTERNAL 

flat  plate 

cosh (yd)  +  ZQ/2n  «inh(Yd) 

parallel  plataa  (separation  2r) 

coah(Yd)  +  Z/n  sinh(yd) 

cylindrical  shall  (radius  r) 

coah(Yd)  +  Z/2r\  alnh(Yd)* 

spherical  shall  (radius  r) 

cosh  (yd)  +  -3*  [z/n  +  2n/Z)  aitth(Yd) 

where  Z  ■  Juipr,  r\  -  [Jwii/a]1^2,  y  - 

1  -  377,  and  d  «  the  shield 

0  thicknaaa 

mixed-orientation  boron/apoxy  flat  plataa  of  0.00107  m  (corraapondlng  to  8-ply 
composite  material  at  0.00325  in/ply)  thicknaaa. 

Xha  raaalnlng  geometries,  referred  to  aa  ancloaura  geometries,  ara 
frequency  dapandant  at  low  frequencies.  Tha  lnvarae  magnetic  shielding  ratioa 
for  ancloaura*  can  ba  written  ac 


MSR'1  »  coah(Yd)  +  |  yainh(Yd) 


(4) 


y 

where  -£  ia  the  volume-to-surfacs  ratio  in  MSK  unit*  of  tha  ancloaura.  For 
spherical  gaomatriaa  thia  representation  la  valid  only  for 


f  >  [9ir  us  (  *  > 


-1 


(5) 


For  low  fraquanclaa i  w  <  0.1/ucd2,  the  lnvarae  magnetic  shielding 
ratio  for  an  ancloaura  can  ba  approximated  by 


MSR"1  •  1  +  (  |  )  y2d  . 


(6) 


King  (Reference  1)  has  ahown  that  this  formula  la  valid  for  all  angles  of  in¬ 
cidence  of  tha  external  field  relative  to  the  cylinder  axis  for  r  «  d. 


Hence,  at  low  frequencies,  tha  magnetic  shielding  e£ fsctivenaes  of  an  enclosure 
in  a  uniform  incident  magnetic  field  ia  dependant  upon  the  field  frequency  aa 
veil  aa  on  the  shield  geometry  (expressed  in  ~)  and  the  material  parameters 
(a  and  d)  of  the  shield. 

The  magnetic  shielding  effectiveness  of  an  enclosure  exhibits  a  "break 

point"  at 

fb  •  [W  (  |  )  Mod]"1  (?) 

below  which  the  magnetic  shielding  effectiveness  ia  approximately  zero.  Above 
the  breakpoint  the  magnetic  shielding  effectiveness  increases  with  frequency  as 
20  log1(j(f/fb) .  This  behavior  ia  illustrated  in  Figure  4-3  for  aluminum,  tita¬ 
nium,  and  mixed-orientation  graphita/ epoxy  composite  enclosures  with  unit  volume- 
to-surfece  ratio  end  a  shield  thickness  of  0.003  m.  Since  tha  volume- to-eur- 
face  ratio  is  proportional  to  tha  radius  (plate  separation)  of  the  enclosure, 
tha  breakpoint  fraquency  la  inversely  proportional  to  tha  enclosure  radius)  (plate 
separation),  the  shield  conductivity  aud  the  shield  thickness. 

Figure  4-4  illustrates  the  dependence  of  magnetic  shielding  effective¬ 
ness  of  an  enclosure  on  the  volume-to-surface  ratio.  The  graph  is  for  an  8-ply 
mixed-orientation  graphite/epoxy  composite  (0  -  1C4  mhoo/m).  Aa  can  be  seen 
from  Equation  6,  the  magnetic  shielding  effectiveness  of  an  enclosure  Increases 
as  20  log  |  . 

Figure  4-5  is  included  to  emphasize  the  differences  in  magnetic  shield¬ 
ing  effectiveness  as  one  changes  the  shield  geometry.  It  is  very  important  in 
discussing  the  magnetic  shielding  effectiveness  of  a  shield  that  one  must  not 
only  identify  the  shield's  material  parameters  but  also  the  shield  geometry. 

The  data  shown  ia  for  an  8-ply  mixed-orientation  graphite/epoxy  shield  (a  • 

IQ4  ohos/m). 

It  should  be  stressed  that  these  shielding  results  are  valid  for  the 
anclosuras  described  only  when  the  incident  field  is  a  uniform  magnetic  field. 
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Magnetic  Shielding  Effectiveness  Breakpoint  Behavior  for  Enclosures 


SHIELD  THICKNESS  CORRESPONDS  TO  8  PLY  COMPOSITE 
MATERIAL  AT  0.00525  IN/PLY 

SHIELD  CONDUCTIVITY  -  104  mohs/m 


(Fr*qu*«cy) 


t 

\ 

Flgur*  4-3.  Magna eic  Shialding  Effactivanaaa  on  tha  Uniform  Incidant 
Magnatic  Fiald 


To  illustrate  that  the  shielding  effectiveness  of  a  shiald  is  depen- 
dant  upon  tha  type  of  flald  incident  upon  the  shield,  we  consider  a  nonuniform 
magnetic  field  incident  on  an  infinite  flat  plate. 

4.2  FLAT  PLATE  SHIELDING  FOR  A  NONUNIFORM 
MAGNETIC  FIELD 

The  geometry  for  studying  tha  magnetic  shielding  effectiveness  of  an 
infinite  flat  plate  with  an  incident  nonuniform  magnetic  field  generated  by  a 
loop  antenna  parallel  to  the  shield  is  givan  in  Figure  4-6.  An  integral  expres¬ 
sion  for  the  magnetic  shielding  effectiveness  has, been  derived  by  Bannister 
for  which  quite  managable  low  frequency  approximations  exist  with  the  appropriate 
frequency  restrictions.  The  expressions  presented  are  valid  only  for  those 
materials  which  are  essentially  isotropic  in  ths  plane  of  the  flet  plate;  e.g., 
for  multilayer  mixed-orientation  graphite  laminates  but  not  for  unidirectional 
samples.  This  restriction  is  a  consequence  of  the  need  for  roughly  circular 
currents  to  flow  in  the  plane  of  the  flat  plate  if  the  incident  magnetic  field 
is  to  be  terminated. 


Figure  4-6.  Geometry  for  Magnetic  Shielding  Effectiveness  of  an 
Infinite  Flat  Plate  under  a  Nonuniform  Magnetic  Field 
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.  ,  ,  ,  1/2 
For  <  Li  <  2rrc/(20[tt‘£  +  (tl  +  r2  -  dr)  ) 


MCfd 

MSE  -  8.686  [oiUa/2] 1/2  d  +  20  log1Q  [  (wUO/2)1^2  +  r2)/8.485] (1)  (8) 


For 


200 


MO  (a2  +  <rx  +  r2))2 


<  a)  <  min 


{ 


4/(MacT> 


1/2 


2ifc/ (20 (a2  +  (rx  +  -  d)2]  ) 


muod  a  +  +  *7)  5 

MSE  -  10  log1Q  (1  +  [<^)(  - r-~ Ly-  — )12  .  (9) 

Both  of  these  approximations  ara  mad a  undar  tha  aaaumption  that  (r^  +  r^)  >>  d. 

Note  that  in  tha  caae  of  a  nonunifora  fiald  ganaratad  by  a  loop  anten¬ 
na,  the  magnetic  shielding  effectiveness  ia  dependant  not  only  upon  the  shield 
parameters  (cr,  d)  and  frequency  but  also  on  the  source-shield  geometry  (a,  r^, 
r2).  For  (^  +  r2)  »  a,  (r^  +  r2)  (r^~)  >  1,  tha  dependence  of  the  magnetic 
shielding  effectiveness  on  the  source-shield  geometry  (a,  r^,  r2)  can  be  ex¬ 
pressed  as 

MSE  «  C(f,  0,  d)  +  20  log10  +  r2)  .  (10) 

Figure  4-7  gives  the  magnetic  shielding  effectiveness  as  a  function  of  conduc¬ 
tivity  and  shield  thickness  for  conductivities  of  3.8  x  10^  mhos/m  (aluminum) 
and  .1.7500  mhos/m,  1.0  x  10^  ahos/m,  5  x  103  mhos/m  (conductivities  associated 
with  mixed-orientation  graphite/epoxy  composite)  and  shield  thickness  of  0.0032  m, 
0.00214  m,  and  0.00107  m  (corresponding  to  the  thickness  of  24,  16,  and  8  ply 
graphite/ epoxy  laminates  at  0.0525  in/ply).  The  source-shield  geometry  was 
chosen  in  accordance  with  the  flat  plate  test  facility  described  in  Boeing  0180- 
18879-1^  with  the  loop  radii  equal  to  0.013  a  (1/2  in.)  and  a  source  to  detec¬ 
tor  loop  center  to  center  separation  of  0.0509  m  (2  in.).  The  theoretical 
results  shown  for  the  mixed-orientation  graphlta/epoxy  composite  compere  very 
cloeuly  to  Boeing  test  results  for  24  ply,  16  ply,  and  8  ply  T300  graphits/epoxy 
laminate  with  0*/45#/90°  and  0e/90s  layups.  These  test  results  ars  shown  in 
Figures  4-8a  and  4-8b,  respectively. 
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MAGNETIC  SH1EL0M6  EFFECTIVENESS  (dB) 


LOOP  DIAMETER  -  1  In. 

ANTENNA-PLATE  SEPARATION  ■  1  In. 

PLATE  THICKNESS  CORRESPONDS  TO  8  PLY  COMPOSITE 
MATERIAL  AT  0.00525  IN/PLY 


(a)  Plate  Thickness  =>  0.0032  m 


Figure  4-7,  Magnetic  Shielding  Effectiveness  of  a  Flat  Plate  under  a  Nor- 
uniform  Magnetic  Field  generated  by  a  Loop  Antenna  Parallel 
to  the  Plate  (Sheet  1  of  3) 


4-12 


mO*EifC  SHIELDtNG  EFFECEIYBCSS  («3) 


LOOP  DIAMETER  -  1  In. 

ANTENNA-PLATE  SEPARATION  -  1  In. 

PLATE  THICKNESS  CORRESPONDS  TO  12  PLY  COMPOSITE 
MATERIAL  AT  0.00525  IN/PLY 


(b)  Plate  Thickness  »  0.00214  m 


Figure  4-7.  Magnetic  Shielding  Ef factiveneea  of  a  Flat  Plata  under  a  Non 
uniform  Magnetic  Field  generated  by  a  Loop  Antenna  Parallel 
to  the  Plate  (Sheet  2  of  3) 
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MAGNETIC  shielding  efeectikeness  (<*) 


LOOP  DIAMETER  ■  1  in. 

ANTENNA-PLATE  SEPARATION  *  1  In. 

PLATE  THICKNESS  CORRESPONDS  TO  24  PLY  COMPOSITE 
MATERIAL  AT  0.00525  IN/PLY 


(c)  Plate  Thickness  *  0.00107  m 


Figure  4-7.  Magnetic  Shinlding  Effectiveness  of  a  Fiat  Plate  under  a  Non- 
uniform  Magnetic  Field  generated  by  a  Loop  Antenna  Parallel 
to  the  Plate  (Sheet  3  of  3) 


To  illustrate  the  dependence  of  t ha  magnetic  shielding  effectiveness 
on  the  type  of  incidant  field,  Figura  4-9  shows  tha  ahiolding  effectiveness  of 
t  0<0032  a  chick  fisc  mixed-orientation  graphics /epoxy  plats  (conductivity  » 

A 

10  mhos/a)  with  a  unifora  incidant  asgnstic  flald  and,  with  a  nonunifom  inci¬ 
dent  aagnstic  flald  ganaratad  by  a  1  in.  diaaatar  loop  ant&ma  parallel  to  tha 
plats  at  a  ranga  of  1  in.  (gaoaatry  of  Figura  4-6) . 

Tabla  4-2  attaapta  to  characterize  tha  significant  properties  of  mag¬ 
netic  shielding  effectiveness  for  tha  situations  described  in  this  report. 

4.3  ELECTRIC  SHIELDING  EFFECTIVENESS  FOR 

ENCLOSURES  UNDER  A  UNIFORM  MAGNETIC  FIELD 

Following  Schelkunoff ’i''7'*  approach  to  EM  shielding,  the  electric 
shielding  effectiveness  of  u  material  is  primarily  the  result  of  loss  due  to 
absorption  end  reflection. 

% 

Absorption  Loss:  When  an  EM  wave  passes  through  a  medium,  its  ampli¬ 
tude  decreases  exponentially  due  to  currents  induced  in  the  medium  producing 
ohmic  losses  and  heating  of  the  material.  The  electric  field  cen  therefore  be 
written  as 

El  -  Eq  exp ["t/l S  5  (11) 

where  is  the  electric  field  intensity  at  a  distance,  t,  within  the  media  and 
Eq  is  the  Incident  field  strength.  The  distance  required  for  the  wave  to  be 
attenuated  to  1/e  (37%)  of  its  original  value  is  defined  as  the  skin  depth, 
which  is  equal  to 


The  loss  due  to  absorption  for  a  shield  d  maters  thick  can  be  written  as 

ESE (Absorption)  -  -20  log1Q(exp C"d,/(5 1 )  -  8.686  d/6 

•  8 . 686d Jif  ,  (13) 

giving  tha  absorption  loss  at  8.686  dB/skin  depth. 
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T*bl«  4-2.  Summary  of  Propartias  of  Magnetic  Shielding  (Shaat  1  of  3) 


Flat  Plata  I  Exact  expresaion  for  tha  magnatic  shielding  effectiveness  is 
Geometry:  |  given  by 

MSE  -  20  log10|cosh(Yd)  +  -221  ainh(Yd) | 

Tha  low  frequency  limit  of  tha  magnetic  shielding  effective¬ 
ness  is  given  by  limit  MSE(flat  plate)  -  20  log.Jl  +  3770d|  . 
f*0  10 

For  f  <  AA-.  MSB  “  20  log.Jl  +  37J  ad  |  showing  the  low 
2tryad2 

frequency  magnetic  shielding  effectiveness  is  dependent  only 
upon  the  conductivity  and  shield  thickness. 

For  f  >  ■  '«■  ,  the  magnetic  shielding  effactivenees  increases 

2iryod 

exponentially  with  frequency. 

Exact  expression  for  the  magnetic  shielding  effectiveness  is 
given  by  MSE  *  20  log1Q| cosh(Yd)  +  ^  Y»lflh(Yd) I  where  ~  is  the 
voluma-to-surfaca  ratio  of  the  enclosure. 

For  spherical  geometries,  this  expression  is  valid  only  for 

V  2 

frequencies  greater  than  0.1/ [9tt  yo  (-)  ]. 

V  2 

For  frequencies  less  than  0.1/ [9ir  ya  (— )  ]  the  magnetic  shield¬ 
ing  ef fectivanesa  for  a  spherical  geometry  is  given  by  MSE  ■ 

20  log10|cosh(Yd)  +  -j  sinh(Yd)  |  . 

For  f  <  ■  ^ v  MSE  a  20  log1n|l  4-  ~  y^  d|  showing  the  low 
2ir}iod2  10  S 

frequency  magnetic  shielding  effectiveness  is  dependent  upon 
the  conductivity,  shield  thickness,  enclosure  geometry 
v 

(  -g  )  and  frequency. 

Enclosure  magnetic  shielding  effectiveness  exhibits  a  break¬ 
point  f,  -  - - -  .  Below  f  ,  MSE  -  0.  Above  f,  , 

b  2tt  (  I  )  yod  b  b 

the  MSB  grows  approximately  as  20  log10|f/fb|. 
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Enclosure 

Geometry 

(parallel 

plates, 

cylinders, 

apherae) : 


Table  4-2. 


Summary  of  Properties  of  Magnetic  Shielding  (Sheet  2  of  3) 


Enclosure 
Geometry 
(continued) i 


Flat  Plata 
Gaoaatcyt 


For  fixed  a,  f,  di  tha  dapandanca  of  tha  magnetic  ahialding 

affactivanaaa  la  approximately  MSB  (?)  *  C(a,  f,  d)  + 

V  a 

20  1o«10<f).  Th.  magnetic  ahialding  affactivanaaa  in- 
craaaaa  with  fraquancy. 


Nonuniform  incident  magnetic  field  generated  by  a  nearby 
loop  antenna 

An  exact  integral  expression  for  tha  aagnatlc  ahialding 
affactivanaaa  haa  baan  derived  by  Banniater.(l) 

For  — <  f  «.  c/[20(a2  +  (r,  +  r,  -  d)2)1'2)  tha  magnetic 
2irUod2  1 

ahialding  affactivanaaa  can  be  approximated  aa 


MSB  -  8.686  [wp0]l/2d  f  20  lagX0|[i!^)1/2(r1  +  r^/B.ABs}. 


For 


-22SL 


f*4/(2iruod2) 


>%  ^  f  ^  win  (  . 

2irpo<a‘  +  (rx  +  tj)2)  J_c/  [20(az+(r1+r2-d)  V/Z) 

tha  magnetic  ahialding  affactlvenaaa  can  ba  approximated  aa 


MSS  ■  10  log. 


ujuod  «Z  +  (f,  +  r,)2  2 
(i+  <^>( - — )  ) 


rl  +  r2 


*10  T  '  6 

A.  it 

[Both  of  thaaa  approximation  require  r^  +  r2  >>  d] 

Tha  aagnatlc  ahialding  affactivanaaa  la  dependant  upon  tha 
ahlald  parameters  (a  and  d) ,  frequency,  and  tho  aourca-ahleld 
geometry  (a,  tx,  r2) . 

For  [a2  +  (r^  +  r^2]1^2  <  10,  tha  low  fraquancy  limit  of  tha 
magnetic  ahialding  effactivenesei  limit  MSE  (flat  plata-flald 
generated  by  nearby  loop)  »  0, 


For  (r^  +  r2)  a,  tha  dapandanca  of  tha  magnetic  ahialding 

affactivanaaa  on  tha  source  to  datactor  loop  distance. 

2  2  1/2 

^rl  +  +  *  J  >  *or  constant  f.  0,  and  d  la  approxi- 

mately  MSE  -  C(f,  a,  d)  +  20  log10(rx>  r2) . 


For  material*  of  lower  conductivity,  such  aa  graphita/apoxy 
composites,  no  magnetic  ahialding  la  offered  for  fraquanclae 


below  min 


f~a  fi . 

(2iruod2) 


Above  this  minimum 


- . 222 _ 

lzmw(s2  +  (rx  +  r2)2) 

fraquancy,  the  ahialding  affactivanaaa  grows  "exponentially" 
with  fraquancy  -  tha  rata  of  growth  Increases  with  increas¬ 
ing  conductivity  and  shield  thlckneaa. 


Reflection  Loss:  The  reflection  loaa  et  the  Interface  between  two 
media  Is  related  to  the  difference  in  characteristic  impedances  between  the 
media.  The  intensity  of  the  transmitted  wave  from  a  medium  with  impedance,  Z  , 
to  a  medium  with  impedance,  Z2,  is 


2Z2 

E1  “  Z:  +  Z2  Eo 


(14) 


where  Eo  is  the  intensity  of  the  incident  wave  and  is  the  intensity  of  the 

transmitted  wave. 


When  a  wave  passes  through  a  shield,  it  encounters  two  boundaries  - 
the  second  boundary  being  that  between  the  medium  with  impedance  Zj  and  the 
medium  with  Impedance  Z^.  Tha  transmitted  wavs,  Et,  through  this  boundary  is 
glvan  by 


2Z, 


z1  +  z2 


(15) 


If  tha  shield  is  thick  compared  to  tha  skin  depth,  there  is  high  absorption  loss 
and  the  effect  of  multlplo  reflections  between  tha  two  boundaries  is  negligible. 
T'ns  total  transmitted  wave  is  then 


E 

(zx  +  z2)2  0 


(16) 


If  the  shield  is  not  thick,  multiple  reflections  occur  between  the  two  boundaries 
since  the  absorption  lose  in  the  shield  is  small.  However  for  electric  fields, 

it 

since  »  Z2  ,  moat  of  the  incident  wave  ia  reflected  at  the  first  boundary 
and  only  a  small  percentage  enters  the  shield.  Therefore,  multiple  reflections 
within  the  shield  can  be  neglected  for  electric  fields  and  so  the  total  trans¬ 
mitted  wave  1b  the  same  as  that  for  a  thick  shield. 


For  ZL  »  Z2 


(17) 


Since  Z^  ■  E/H  ■*yw/e  *nd  Z2  **  impedance,  in  the  case  of  an  electric 

field  zl  »  Z2. 
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For  wave  Impedance  and  ahiald  Impedance  n 
an  inoidane  E  fiald  la 


-V’F-  *v 


tha  raflactlon  loaa  for 


ESE(raflactlon)  ■  20  log^g 


dn  . 


(18) 


For  an  anclaoura,  the  invarsa  alactric  ahlalding  ratio  la 

flSR-i  „  (6> 

2(2tr  b/X>2 


Where 


b  • 


radlua  of  cylindar  for  cylindrical  ancloauraa 
1/2  plata  aaparatlon  for  parallal  plata  ancloauraa 
2/3  radlua  of  tha  aphara  for  apharical  ancloauraa 


(19) 


Noting  b  ■  ,  whara  ~  la  tha  voluma-to-aurfaca  ratio  of  tha  ancloaura, 


ESR“1  . 

(4tt/X)z  | 


(20) 


For  fraquanciaa  auch  that  tha  akin  dapth  la  greater  thanV20  d,  whara  d  la  tha 
•hlald  thlcknaaa,  tha  alactric  ahlalding  affactivanaaa  due  to  abaorptlon  la 
loaa  than  2  dB  ao  that  tha  alactric  ahlalding  effactlvanaca  la  primarily  dua 
to  reflective  loaaaai  i.e., 


ESE (reflective  loaa)  ■  20  log10|ESR' 


-li 


(21) 


i  >V20  d  <->  u  <  -A4 


yod 


•>  ESE  (reflective  loaa)  -  20  log  (ad /Sire  |)  -  20  log1Q(f)  (22) 
Therefore,  for  radian  fraquanciaa  laaa  than  ,  the  alactric  ahlalding 


affactivanaaa  dacraaaaa  aa  -20  log1Q(f). 


ycrd 
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As  the  skin  depth  approaches  y20  d,  contributions  in  shielding  effec¬ 
tiveness  due  to  absorption  losses  become  significant.  The  exponential  nature 
of  electric  shielding  due  to  absorption  losses  causes  a  minimum  to  exist  in  the 
total  electric  shielding  effectiveness  of  the  shield.  Employing  Newton's  method, 
the  electric  shielding  effectiveness  attains  its  minimum  whany^j^  d  -  2.99006 

or  £  -  thssml . 


Hot*  that  -mr ^  i  (  uhere  6  Is  the  akin  depth,  ao  the  minimum 
electric  shielding  effectiveness  occurs  when  the  frequency  is  such  that  the 
akin  depth  Is  approximately  one  third  (1/2.99008)  the  shield  thickness. 

Table  4-3  gives  the  frequency  at  which  minimum  alactrlc  shielding 

7 

ef f activaness  occurs  for  aluminum  (o  »  3.8  x  10  mhoa/m),  titanium  (o  •  2.0  x 

6  4 

10  mhos/m),  and  mixed-orientation  graphite/epoxy  composite  (o  ■  10  mhos/m 

3 

and  0  -  5  x  10  mhos/m)  enclosures  for  shield  thickness  from  0.0011  m  to  0.025  m. 
Tables  4-4  through  4-7  give  the  electric  shielding  effectiveness  associated 
with  these  frequencies  (the  minimum  electric  shielding  offered  by  the  enclosure). 
Since  the  electric  shielding  effectiveness  is  dependent  on  the  volume-to-eurface 
ratio  as  well  as  the  shield  thickness  and  conductivity,  the  electric  shielding 
effectiveness  at  the  frequency  at  which  shielding  is  at  a  minimum  are  given  as 
a  function  of  volume-to-surface  ratio. 

Figure  4-9  illustrates  the  typical  form  of  the  frequency  dependence 
of  electric  shielding  effectiveness  for  an  8-ply  mixed-orientation  graphite/epoxy 
enclosure  (O  •  10^  mhos/m)  and  a  similar  aluminum  enclosure  of  the  same  thickness. 

Writing  the  inverse  electric  shielding  ratio  as 


<4ir/X)‘ 


>  - 


the  electric  shielding  effectiveness  can  be  written  as 


-  k(f ,  a,  d)  -  20  log1Q(  |  ) 


Table  4-3.  Frequency  (Hr)  at  which  the  Electric  Shielding  Effectlveneae  of 
an  Enclosure  under  an  Incident  Uniform  Electric  Field  is  at  a 
Minimum 


SHIELD  THICKNESS 

Cm) 


SHIELD  CONDUCTIVITY 
(mhos/m) 


3. 

8  E7 

2^6 

1  £4 

5E3 

.0011 

•  49E 

05 

•94£  ? 6 

•19E  09 

•  3?E  09 

•  0021 

•  HE 

05 

•  26E  06 

•5ie  c« 

•10E  09 

•  0032 

•  58E 

OH 

•11E  06 

•22K  QB 

•44E  08 

•  0050 

•  24E 

04 

•45E  05 

•9ie  07 

•18E  OB 

•  01C3 

•  6CE 

03 

•  11E  .?« 

•23E  07 

♦45E  07 

♦  0150 

•  26E 

03 

•soe  04 

•  10E  07 

•  2qE  07 

•  0200 

♦  15S' 

73 

•2«e  04 

•57E  06 

•  HE  07 

•  0250 

•  35S 

02 

•18E  ‘4 

.36E  06 

•  72E  06 

Table  4-4.  Minimum  Electric  Shielding  Effectiveness  (dB) 
for  an  Aluminum  Enclosure 


MATE»MU  ALUMINUM  C&NDUCTIVITYI  ,3*0E  08 


SHIELD  THICKNESS 


(m) 

•  0 1 

•  1 

VOLUME-TO-SURFACE 

1.  10. 

ioo. 

♦  •:oU 

239 

219 

199 

179 

159 

•  0SB1 

235 

235 

215 

3  9b 

175 

•  :c*a 

?66 

24ft 

226 

206 

186 

•ocs: 

?7? 

258 

233 

216 

193 

•  0 1  0  0 

?96 

276 

256 

236 

216 

•  :i=c 

307 

287 

267 

24  7 

227 

•0200 

314 

294 

274 

254 

234 

•  0  330 

3?C 

303 

2Mc 

260 

2  4  o 
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Tabla  4-5. ■  Minimum  Electric  Shielding  Effectiveness  (dB)  for 
a  Titanium  Enclosure 

•3CCE 


l 

,'i 

V 

i 

fh 

I  AL  •  TITAN  I'JM 

SHIELD  THICKNESS 

<B)  A1 
•01 

•  1 

o 

H 

1 

l  ^ 

O 

> 

CB^OUCT i V i T  v 

-SURFACE 

10*  100* 

| 

l 

•con 

1*7 

167 

147 

127 

107 

i, 

!( 

♦  00*1 

204 

164 

16a 

144 

124 

'i. 

•  00J2 

215 

195 

17*5 

155 

135 

I ' ' 

•  00*90 

227 

207 

1*7 

167 

147 

|V 

b 

•  0100 

245 

225 

2?5 

1 H5 

165 

;): 

i,1 

•C1*C 

265 

235 

21s 

196 

P5 

•jj.  | 

ii 

i; 

•  0200 

263 

243 

223 

203 

1*3 

* 

*C2»0 

269 

249 

229 

20» 

t»9 

Table 

4-6.  Minimum  Electric  Shielding  Effectiveness 

^ATEWIAL» 

a  Graphite/Epoxy  Enclosure  (o  ■  10^  mhos 

GRpHJ  T£  gPBXY  ClMOtfSlTE  CBNOIJCT  I  V  J  r 

SHIELD  THICKNESS 
(m) 

•Cl 

•  1 

VOLUME- 

1  • 

TO- SURFACE 

10*  100* 

•  OOU 

95 

75 

55 

35 

1  1 

A 

•  00*1 

US 

92 

72 

52 

3 

'*CC 

123 

1  ?  3 

*3 

63 

4 

•CPC 

1  3  S 

115 

•* 

75 

Si 

•  cioc 

153 

133 

113 

93 

7 

OPC 

i*>3 

P3 

123 

103 

•  0200 

PI 

151 

131 

111 

9 

•  CPC 

1 77 

157 

137 

117 

? 

•100E  OS 


Table  4-7.  Minimum  Electric  Shielding  Effectiveness  (dB)  for 
a  Craphlta/Epoxy  Enclosure  (c  ■  5  x  103  mhoe/m) 


GW*Pw i 

£“<?**  c 

cbnuuct i v i t  v 

SHIELD  THICKNESS 
(ra) 

*01 

*i 

VOLUME-TO- 

1* 

'SURFACE 

10* 

100* 

•  00  it 

as 

63 

*3 

33 

3 

•  scat 

100 

80 

6  c 

*0 

30 

•  C0-*3 

111 

»l 

71 

51 

31 

•003Q 

133 

103 

'  83 

63 

*3 

•  010Q 

1*1 

131 

101 

81 

61 

.015>0 

191 

131 

111 

91 

7l 

•  02UQ 

159 

139 

11? 

yy 

79 

•03*0 

168 

1*5 

135 

105 

85 

*5003  04 


ELECTRIC  SHIELDING  EFFECTIVENESS  («) 


VOLUME- TO- SURFACE  RATIO  =  1 

SHIELD  THICKNESS  CORRESPONDS  TO  8  PLY  COMPOSITE 
MATERIAL  OF  0.00525  IN/PLY 


Figure  4-9.  Electric  Shielding  Effectiveness  of  an  Enclosure  under  a 
Uniform  Electric  Field 


Hence,  for  fixed  frequency,  conductivity,  and  shield  thickness,  tha 
electric  shielding  effectiveness  decreaset  with  incraaaing  volume-to-surface 
ratio  in  contrast  to  the  magnetic  shielding  ef fectivenaas  which  increases  with 
increasing  volume-to-surface  ratio  at  approximately  20  log1Q(  —  ).  Figure  4-10 
illustrates  the  dependence  of  an  8-ply  uixed-orlantation  graphite/ epoxy  enclo¬ 
sure  (c  ■  10^  mhos/m)  on  the  volume-to-surfaca  ratio  of  the  enclosure. 

Table  4-8  summarizes  the  major  properties  of  the  electric  shielding 
effectiveness  of  an  enclosure  under  a  uniform  electric  field. 

Shield  Conductivity  -  10^  trhoa/m 

Shield  Thickness  corresponds  to  8-ply 
composite  material  at  0.00525  in/ply 


Volume-to-Surface 

(V/S)  Ratio _  Minimum  ESE  (dB) 


Figure  4-10.  Electric  Shielding  Effectiveness  of  an  Enclosure  under  a  Uniform 
Electric  Field  as  a  Function  of  Enclosure  Volume-to-Surface 


Table  4-8.  Properties  of  Electric  Shielding  for  Enclosures  Under 
a  Uniform  Incident  Electric  Field 


ESE  ■  shielding  due  tc.  reflection  and  shielding  due  to  absorption 

losses 

For  enclosures,  the  inverse  electric  shielding  ratio  is  Y3Anh(.Yd) 

v  <4ir/Yrf 

where  —  is  the  voluma-to-surface  ratio  of  the  enclosure  3 

For  u>  <  0.1/pcd2,  corresponding  to  a  skin  depth  of  f20  d  (where  d  is 
the  shield  thickness),  the  electric  shielding  is  primarily  due  to  re¬ 
flective  losses 

2 

For  to  <  0.1/pad  ,  the  electric  shielding  effectiveness  decreeses  ee 
-20  lag10<£)  (ESE  -  20  log1Q[ad/ (87re  |>]  -  20  log10(£)]) 

2 

For  ui  >  O.lpad  ,  shielding  due  to  absorption  becomes  significant  and 
grows  exponentially,  dominating  shielding  due  to  reflection  losses 

2 

A  minimum  electric  shielding  effectiveness  exists  at  f  ■  (2.99008)  / 

2 

(rrperd  )»  the  frequency  at  which  the  skin  depth  is  approximately  one- 
third  the  shield  thickness 

The  dependence  of  electric  shielding  effectiveness  on  the  volume-to- 
surface  ratio  is  ESE  *  K(a,  f,  d)  -  20  log^Q  (  "g  ) »  in  contrast  to  tha 
magnetic  shielding  effectiveness  which  is  approximately  C(a,  f,  d)  + 

20  log10(  "g  ) 


4.4  EM  RELATIONSHIPS  BETWEEN  SHIELDING 
EFFECTIVENESS  AND  TRANSFER  IMPEDANCE 

.  The  difficulty  with  expressions  for  electric  and  magnetic,  shielding 
effectiveness  is  the  extrema  dependence  of  the  shielding  effectiveness  on  the 
nature  of  the  exciting  field  and  on  the  geometry  of  the  shield  (i.e.,  they  must 
be  used  only  for  those  basic  geometries  for  which  they  were  derived) .  Similar¬ 
ly,  the  extensive  laboratory  measurements  of  electric  and  magnetic  shielding 
effectiveness  that  have  beeiji  made  over  the  spectrum  of  composite  materials  of 
currant  intarast  art  valid  <pnly  for  the  geometry  of  the  test;  the  results  cannot 
be  extended  directly  to  more  difficult  geometries. 

Shields  which  are  thin  compered  to  their  radii  of  curvature  and  for 
which  tha  wavelength  of  the  incident  EM  field  within  the  shield  is  much  smaller 
than  that  external  to  tha  shield  are  called  locally  planar  since  their  EM  be¬ 
havior  is  essentially  a  local  phenomena.  For  a  locally  planar  shield,  a  mea¬ 
surement  of  tha  degree  of  EM  protection  offered  by  tha  shield,  independent  of 
geometry  and  incident  field  type,  is  the  surface  transfer  impedance  of  the  shield 
material.  This  impedance  is  defined  to  be  the  ratio  of  the  interior  tangential 
electric  field  to  the  surface  currant  density  of  the  current  induced  by  the  in¬ 
cident  EM  field.  The  surface  transfer  Impedance,  Z  ,  of  a  homogeneous  conduct- 

B  W 

ing  shield  (including  mixed-orientation  graphite/epoxy  composites)  is  determined 
by  the  material  conductivity  and  thickness,  and  the  frequency  of  the  incident 
field: 

?at  “  Et/J  “  11  c*chAfd>  (25) 

whara  *  \/¥  is  the  intrinsic  impedance  of  the  shield,  “  &  is  the  pro¬ 
pagation  factor,  and  d  is  tha  shield  thickness. 

Figure  4-11  illustrates  the  dependence  of  tha  surface  transfer  impe¬ 
dance  on  the  material  thickness  and  material  conductivity,  respectively,  as  a 
function  of  frequency.  The  low  frequency  asymptote  to  the  surface  transfer 
impedance  is 

Z8t  -  1/crd  (26) 
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For  homogeneous  conducting  shields  with  a  geometry  of  tha  typa  ahown 
in  Figure  4-11  under  a  uniform  magnetic  iiald  and  for  a  homogeneous  conducting 
infinite  flat  plate  with  a  nonunifora  magnetic  field  produced  aa  ahown  in  Fig¬ 
ure  4-6,  the  sufraca  transfer  impedance  can  be  related  to  the  magnetic  shield¬ 
ing  effectiveness  aa 

MSE  a  20  logi0|z/Zat|  (2 7) 

over  a  frequency  interval  dependent  upon  the  shield  geometry,  conductivity,  and 
thickness  where: 


Z 

Z 


—  b  377  for  a  flat  plate  under  a  magnetic  field 

£ 


*  (  )jo)M  for  a  cylindrical,  spherical,  or  parallal  plata 
o  u 

enclosure  with  volume-to  -surface  ratio  (  —  )  under  a  uni- 

form  magnetic  field,  ns  illustrated  in  Figure  4-11. 


Z  «  +  r2)/6  for  an  infinite  flat  plate  with  a  nonuniform 

magnetic  field  generated  aa  shown  in  Figure  4-6  under  the 
assumptions  r^  +  r2  »  a  and  d(^  4*  r2>  >:>  0.03. 


Similarly,  for  a  homogeneous  conducting  enclosure  of  the  type  shown 
in  Figure  4-1,  the  electric  shielding  effectiveness  can  be  related  to  the  sur¬ 
face  transfer  impedance  as 

ESE  a  20  loglQ|z/Z  |  (28) 

over  a  frequency  Interval  dependent  upon  the  shield  geometry,  conductivity,  and 
thickness,  where  Z  »  J[37T£f(  ~ 

These  relationships  provide  a  means  for  extending  th«  application  of 
laboratory  measurements  of  the  magnetic  shielding  effectiveness  of  a  homogeneous 
conducting  material  to  locally  planar  homogeneous  conducting  shields,  in  general, 
through  the  concept  of  surface  transfer  imepdanca.  Conversely,  laboratory  mea¬ 
surements  of  the  surface  transfer  impedance  of  a  homogeneous  conducting  shield 
of  arbitrary  locally  planar  geometry  can  be  used  to  determine  the  associated 
nmgr.etlc  shielding  effectiveness  for  shields  of  the  basic  geometries  and 
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associated  Incident  field  types  discussed.  Theee  relationships  are  valid  over 
a  frequency  interval  dependent  on  the  shield  geometry,  conductivity,  and  thick¬ 
ness.  As  an  example,  quadraxial  measurements  performed  by  Boeing^  of  the  sur¬ 
face  transfer  Impedance  of  24  ply  T-JOO  graphite  (Figure  4-12)  were  used  to 
compute  the  magnetic  shielding  effectiveness  for  a  flat  plate  with  a  uniform 
magnetic  field,  an  enclosure  of  the  type  shown  in  Figure  4-1  with  a  volume-to- 
surface  ratio  of  one  under  a  uniform  magnetic  field  generated  as  shown  in  Fig- 
ura  4-6.  The  results  ar  shown  in  Figures  4-13a,  4~13b,  and  4-13c,  respectively. 
Measured  msgnetic  shielding  effectiveness  data  is  included  in  Figure  4-13c  for 
comparison.  Theoretical  magnetic  shielding  effectiveness  values  ware  provided 
for  comparison  in  Figures  4- 13a  and  4-13b  due  to  the  lack  of  real  measurements 
under  the  equivalent  situations. 


An  immediate  corollary  to  th«  relationship  MSE  “  20  log^lz/Z  |, 
valid  for  the  frequency  intervals  over  which  the  relationships  hold  is  as  fol¬ 
lows: 


For  two  shialds  of  the  same  geometry  with  conductivities  and 
shield  thickness  (a^,  d^ ,  respectively,  with  i  ■  1,  2,  the  differ¬ 


ence  in  the  magnetic  shielding  effectiveness  offered  by  the  shields 

is 


MSE(o^,  dx)  -  MSE<02,  d2) 


20  log 


Zst<g2»  d2> 
10  Z8t (^i*  d^) 


(29) 


(The  shield  geometries  and  associated  field  types  for  which  this  relationship 
holds  are  those  in  Figures  4-1  and  4-6.)  This  relationship  provides  a  "back- 
of- the- envelope"  solution  to  the  gain  or  loss  in  magnetic  shielding  effective¬ 
ness  when  conducting  films  are  added  to  shields  or  when  different  materials  are 
used  for  the  shield.  Figure  4-14  shows  the  gain  in  magnetic  shielding  when 
24  ply  T-300  graphite  is  coated  with  one  mil  aluminum  foil,  two  mil  aluminum 
foil,  120  mesh  aluminum  screen,  and  120  mesh  phosphor  bronze  screen. 


3  4  6  6/ 

fUlHKMCV  (l#«ls! 

SHIELD  1IIICKHESS  •  0.U1JII  * 

CUMOEJCI IVI rr  •  1/600  ll/n 

MATERIAL  ■  24  PL*  1-J00  (iAAAIIITC 

(a)  Flat  Plato  under  a  Uniform  Magnetic  Field 


MCI/UCMV  tHH<) 


SHIELD  THICKHCSS  •  0.1)032  • 

WLUHE-JO-SUREAU  AM  JO  •  1/600  ID* 

MATERIAL  •  24  M.T  1-300  BRAAHITI 


(b)  Volume  under  a  Uniform  Magnetic  Field 


mound  (wi<) 


SOURCE -UR  TEC  TO*  LUW  SfRARAl  ION 
SHIELD  1HICIHESS 
LOOP  AA01I 
MATERIAL 


0,0609  * 

0.0032  * 

0,012)'  * 

24  PL V  1-300  UAAPHITt 


(c)  Flat  Plat#  under  a  Nonuniform  Magnetic  Field 


Figure  4-13.  Shielding  Effectiveness 
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COAT I NO 

120  MESH  ALUMINUM  SCHEEN 

120  MESH  PM0SFII0H 
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REGION  OF  VALIDITY  FOR  A  FLAT  PLATE 
UNDER  A  NONUNIFORM  MAGNETIC  FIELD 
GENERATED  BY  A  SMALL  LOOP  ANTENNA 

REGION  OF  VALIDITY  FOR  AN  ENCLOSURE 
UNDER  A  UNIFORM  MAGNETIC  FIELD  (V/S 

REGION  OF  VALIDITY  FOR  A  FLAT  PLATE 
UNDER  A  UNIFORM  MAGNETIC  FIELD 


Figure  4-14,  Gain  in  Magnetic  Shielding  Effectiveness  of  24  Ply  T300 
Graphite  Composite  through  Applications  of  Aluminum 
Foil,  Aluminum  Screen,  and  Phosphor  Bronze  Screen 
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SECTION  5 


JOINT  COUPLING 

5.1  DEFINITION  OF  JOINT  ADMITTANCE 

Skin  currents  flowing  across  a  join  in  the  aircraft  skin  induce  elec¬ 
tric  fields  in  the  aircraft  Interior.  These  fields  in  turn  induce  transients 
on  interior  wiring.  The  maximum  voltage  which  can  be  induced  on  an  interior 
wire  is  the  voltage  drop  across  the  joint,  namely,  Vj  ■  Jg/Yj  where  Jg  is  the 
surface  current  density  at  the  joint  and  Yj  is  the  joint  admittance/unit  length. 

Well-formed  joints  in  shield  material  (those  of  uniform  construction 
and  good  electrical  contact  and  without  cracks  or  apertures)  can  be  described 
in  terms  of  a  distributed  Joint  transfer  admittance  par  unit  of  joint  width.  A 
section  of  shield  surface  containing  such  a  Joint  is  shown  in  Figure  5-1.  The 
exterior  surface  current  density  Jg  flowing  across  the  joint  produces  a  voltage 
Vj  across  the  Joint  on  the  inside.  For  a  linear  Joint  contact  impedance,  the 
interior  joint,  voltage  is  proportional  to  exterior  surface  current  I„  .  *  J0W 
and  inversely  proportional  to  joint  width  W.  The  proportionality  factor  between 
Vj  and  Jg  la  Yj,  the  joint  admittance  per  unit  of  joint  width;  i.e.,  Jg  ■  YjVj. 

Typical  Joint  construction  is  shown  in  Figure  5-2  for  three  different 
joints.  Corresponding  measured  Joint  admittances  are  shown  in  Figure  5-3. 

Joint  2  is  common  practice  and  has  a  Joint  admittance  of  about  15  mhos/m  over 
a  large  frequency  range. 

5.2  JOINT  MODEL 

Harrington^  defines  the  joint  admittance  in  a  similar  manner  but 
identifies  it  as  a  transfer  admittance.  For  the  simple  butt  joint  of  Fig¬ 
ure  5-4,  transmission  line  theory  and  circuit  theory  applied  to  the  equivalent 
circuit  of  Figure  5-5  yield 

Yj  "  +  YU)coah  Ybd  +  (Y  +  )sinh  y  d  U> 

o  ° 
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CYLINDER  WAS  FABRICATED  EXTRA 
LONG,  CUT,  MACHINED  AND  SECON¬ 
DARILY  BONDED  WITH  EA-934 
ADHESIVE. 


1/8. DIA  RD.HD.  RIVET  C  TO  M 
1/8  DIA  BOLT  M.  TO  M. 

CYLINDER  CENTER  TOWARDS  BOTTOM 
OF  PAGE.  METAL  RINGS  FABRICATED 
FROM  ALUMINUM  SHEET,  CUT,  ROLLED 
AND  WELDED.  THE  RIVETS  OR  BOLTS 
WERE  PLACED  IN  A  CIRCUMFERENTIAL 
ROW  APPROXIMATELY  ONE  INCH  APART 
AND  ALTERNATING  1/8  INCH  TO  EITHER 
SIDE  OF  THE  CIRC.  CTR  LINE. 


FIRST  THREE  STEPS  (4  PLY  PER 
i  STEP  WERE  PRECURED  (COMPACTED), 

EA-934  APPLIED  TO  SANDED  COMPOSITE 
'  STEPS,  AND  THEN  LONGITUDINALLY  ■ 

SLIT  METAL  RING  MANEUVERED  INTO 
PLACE.  REMAINING  COMPOSITE  STEPS 
WERE  APPLIED  TO  EA-934  COATED 
METAL  RING  IN  PLACE.  METAL  RING 
WAS  FABRICATED  FROM  2024  ALUMINUM. 


ructural  Joints  ^ 
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JOINT  ADMITTANCE/UNIT  WIDTH  (Yj).  MHO/M  JOINT  ADMITTANCE/UNIT  WIDTH  (Y j).  MHO/M 


(a)  Joint  No.  2 
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Figure  5-3.  Measured  Joint  Admittance^ 
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Hare  Ya  la  the  aperture  admittance  of  a  thin  slot  opening  into  half  space  nf 
region  a.  That  for  region  c  has  the  same  form  with  all  a's  replaced  by  c's  for 
region  c.  The  aperture  admittance  has  th  form 

Ya  -  [it  -  2j  ln(C  k  w)]  (2) 

'a  a 

for  region  a.  In  Equation  2,  r)  ,  X  ,  and  k  are  the  intrinsic  impedance,  wave- 
^  a  a  a 

length,  and  wave  number  of  medium  a,  respectively,  and  C  is  the  constant  depend¬ 
ing  on  the  choice  of  the  assumed  variation  of  the  tangential  electric  field  in 
the  slot.  It  ie  well  known  that  the  aperture  admittance  of  a  thin  slot  opening 
into  half  space  is  insensitive  to  small  variations  in  the  tangential  electric 
field  in  the  slot  about  its  true  value.  If  the  tangential  electric  field  is 
assumed  to  be  the  quasi-static  solution  for  e  slot  in  a  zero  thickness  screen, 
then 

C  •  y/8  “  0.2226  (3) 

Hare  y  -  1.781...  .  Since  C  is  in  a  logarithmic  term  in  Equation  2,  it  makes 
little  difference  which  value  is  chosen.  However,  the  solution  remains  strictly 
valid  as  the  thickness  d  **  0  when  Equation  3  is  chosen. 

For  a  highly  lossy  slot,  Equation  1  becomes 

Yj  -  a d/w  (4) 

independent  of  frequency.  This  is  the  behavior  shown  over  low  frequency  for 
che  joints  shown  in  Figure  5-3. 
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SECTION  6 


COUPLING  OF  EM  FIELDS  TO  TRANSMISSION  LINES 

This  section  summarises  the  coupling  of  an  EM  field  to  a  transmission 
line.  Expressions  for  the  open-circuit  voltage  and  short-circuit  current  are 
derived  for  a  transmission  line  illuminated  by  a  uniform  EM  field  and  a  nonuni¬ 
form  field  that  can  be  modeled  by  a  uniform  field  incident  on  a  portion  of  the 
line.  In  either  case,  the  Thevinln  and  Norton  equivalent  circuits  can  be  used 
to  aid  analysis. 

In  Subsection  6.1,  the  open-circuit  voltage  and  short-circuit  current 
are  first  given  as  functions  of  frequency  which  are  then  Fourier  transformed  to 
the  time  domain.  Subsection  6.2  gives  a  closer  analysis  of  the  open-circuit 
voltage  as  a  function  of  frequency.  Various  graphs  are  presented  for  the  special 
case  of  a  uniform  electric  field.  The  case  of  a  single  wire  over  a  ground  plane 
is  tnon  shown  to  be  equivalent  to  a  two-wire  transmission  line,  using  imaging. 

Low  frequency  approximations  are  derived,  followed  by  a  discussion  of  coupling 
to  a  shielded  cable. 

Using  the  expressions  derived  in  Subsection  6.1  for  the  open-circuit 
voltage  and  closed-circuit  current  as  functions  of  time,  upper  bounds  are  com¬ 
puted  for  various  quantities.  The  open-circuit  voltage,  closed-circuit  current, 
power,  and  energy  as  seen  across  the  end  of  a  transmission  line  are  given  upper 
bound  estimates. 

The  special  cases  of  lightning  EMP  and  nuclear  EM?  are  discussed. 

Curvas  are  presented  giving  the  predicted  open-circuit  voltages  and  short-cir¬ 
cuit  currents  for  both  threats  for  a  model  of  a  wire  interior  to  an  F-18. 

These  results  are  compared  to  similar  plots,  obtained  using  an  elaborate  moment 
method  scheme,  presented  in  a  report  by  the  Boeing  Aerospace  Company. Using 
these  curves  comparisons  are  made  with  the  various  upper  bound  estimates  pre¬ 
viously  derived. 
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Finally,  there  Is  a  discussion  relating  the  Wun9ch  damage  constant 
for  semiconducting  devices,  which  assumes  a  square-wave  power  pulse,  to  more 
general  power  waveforms.  Two  "equivalent"  square-wave  power  pulses  are  de¬ 
fined  for  a  general  waveform.  One  is  equivalent  Ln  that  it  has  the  same  dam¬ 
age  constant  au  the  original  pulse.  The  other  is  equivalent  in  that  it  has 
the  same  energy  content.  The  latter  of  these  is  much  easier  to  compute  and 
yields  results  which  err  toward  safety. 

The  results  of  this  section  are  than  use  to  estimate  the  total  energy 
across  the  ends  of  a  transmission  line  from  tabulated  values  of  the  peak  open- 
circuit  voltage  and  short-circuit  current. 

6.1  DERIVATION  OF  VQC(t)  AND  lg(,(t) 

An  isolated  two-wire  transmission  line  illuminated  by  a  uniform  EM 
field  is  shown  in  Figure  6-1.  The  lines  lie  in  the  x-z  plane,  parallel  to  the 
z-axis  with  terminations  parallel  to  the  x-axis.  The  wires,  of  diameter  a, 
are  a  distance  b  apart  and  are  of  length  L.  The  Incident  field  propagates  In 
the  -x  direction  with  the  E-£ield  parallel  to  the  z-axis.  An  expression  for 
the  differential  mode  load  current  across  the  left-hand  termination  is  given  by: 


I(W) 


) 

0 


(Ei(b,  u)  -  Ei(0,  w))  G(z,  u)  dz 


where 

Zn  cosh  Y(L  -  z)  +  2_  ainh  y(L  -  z) 

G(z,  w) - - - - 

(ZQZ1  +  ZQZ2)  cosh  YL  +  (Z“  +  Z1Z2)einh  YL 

and: 

E^Cb,  u)  -  incident  field  evaluated  at  x  ■  b 

E*(0,  w)  -  incident  field  evaluated  at  x  -  0 

ZQ  <*  characteristic  impedance  of  the  line 

Z^  ■  left-hand  terminating  impedance 

Zj  ■  right-hand  terminating  impedance 


(1) 


(2) 


(2) 


6-2 


Y  *  a  +  j8  *  propagation  constant  of  line 

a  -  attenuation  constant  of  the  line 

8  *  w/v  *  phase  constant  of  tha  lino 

v  •  the  velocity  of  propagation  on  the  line 

u  ■  2tt  f  where  f  is  frequency 

From  Equation  1  expressions  can  be  derived  for  the  open-circuit  voltage,  _ 

and  tha  short-circuit  current,  I  ,  across  the  left-hand  termination. 

sc 


Letting, 


Q.  (*.&)  *  I***  Z,G  (*»<->)  - 


Z-a  Co* 


U  X(L-Z)  +  2t  s^y(i-Z) 


Z*  co*k  Sif  Zt  *<*k  XL 


(3) 


and 


21,  •Loo 


2Hm  cos 

z.(2x c~u  xl  7^70 


we  have 


and 


^  (w)  *  pST*  G^  (2,u>)0 \Z 

X  &,*>)- Eft0***) ] &SO 


(5) 


(6) 


Consider  the  factor  E^(b,  <u)  -  E^(0,  u>)  which  appeare  in  the  above 
equations.  If  we  assume  zero  phase  for  tha  incident  field  at  x  *  b/2,  this 
expression  can  be  written  as: 
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where  k  is  th«  wavs  number  for  incident  field  In  free  apses  and  Eo(w)  is  tha 
incident  electric  fisld. 


In  what  follows  wa  will  usa  Eq(U))  lnstaad  of  tha  more  complies  tad 

expression  in  Equation  7.  It  Is  an  easy  matter  to  modify  tha  results  obtained 

to  include  tha  phase  difference  between  the  two  lines.  Our  basic  equations  for 

V  *uid  1  than  become: 
oc  sc 


and 


v«.w> 


l 

L 

*  j"  £«(*■>)  c  (Zf  dz 


(8) 


(9) 


and 


Equations  3  and  4  can  be  rewritten  as 

<s±  -  [  e'K  -  2  >mk  a*  ( £  (r  <s'tu)")  ] 


(10) 


(11) 


where  f  is  the  reflection  coefficient  at  the  right-hand  termination,  given  by 


(12) 


This  allows  V  and  I  to  be  expressed  by: 

OC  1C 


EM 

ar 


(13) 


6-5 


and 


(14) 


V  and  I  can  be  found  as  functions  of  time  by  applying  the  inverse 
oc  sc 

Fourier  transform  to  the  above  expression#.  We  will  make  the  assumption  at  this 

point  that  the  lines  are  lossless,  so  that  y  -  jb. 

(2r\H)Tm 


(2r\tl)Ta  2nT0  ■. 

(15) 


and 


Va6(t)* 

2rtT-  (2*-l)T, 

Z.  r '(t)  *  u- )£.&-■$}?  I  f  £„  ( t - 


>1*1 


Hate,  To  ■  L/v. 


If  wtt  introduce  the  notation 


C? 


rnct)>  u"  j 


(2n’l)T, 


n)r. 

£0  (£*+)<!> 


n  lo 


then 


vjD  ■  i.(t)  *£.r"( r„-r^) 
z.r  i.(t)+i(-r)'(ien+lln.. 


(16) 


(17) 


(18) 


(19) 


Each  of  the  terms  in  these  expressions  can  be  interpreted  as  a  (multiple)  ra' 
flection  of  an  excitation  arising  from  the  incident  field  at  some  past  time. 
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Similar  expressions  can  be  derived  where  the  field  is  Incident  on 

only  a  portion  of  the  line.  (This  allows  for  approximating  the  case  of  a  non- 

(3) 

uniform  field,  due  to  coupling  through  an  aperture,  for  example.)  In  parti¬ 
cular,  if  we  assume  aa  before  that  the  Incident  field  la  parallel  to  the  line, 
with  no  z-dopendence,  and  only  effects  the  line  between  z^  and  z^,  0  < 

<  1,  then 


v..  <0  -  I'wtlrft-t) 
z.  i„  ( t ) .  iUt)  *  £  C-r)' '(xi,  t  ID 


where 


X,„  (t)  *  ir 


Jr 


and 


2n7#+t| 


4,  (t)  *  t/*j  Z.Ct-vjct'r 


znr0-tt 


(20) 


(21) 


(22) 


(23) 


6.?  OPEN-CIRCUIT  VOLTAGE  AS  A  FUNCTION 
OF  FREQUENCY 

From  Equation  8,  we  have  the  open-circuit  voltage  defined  as  a  func¬ 
tion  of  frequency 


(*>)  “  I  £oC<j)O0 c  c/z 


(24) 


For  the  special  case  where  Eq(oj)  is  constant,  the  integral  can  be  evaluated  to 
yield 


fete*; 

*  7T 

4 ’r(j)+  ^-s.ntir 

m 

i-^¥) 

Z?  Sr  { 

It 

/  L 

> 

2*  sinl2r  (Jj. 

)  J 

(25) 


Plots  of  this  expression  were  made  for  values  of  L  from  zero  to  five 

wavelengths.  The  expressions  were  normalized  so  that  choosing  specific  values 

of  G  and  X  was  unnecessary.  Plots  of  the  quantity  |v  j/E  X  appear  In  Fig- 
0  oc  o 

ure  6-2,  for  Z  m  100  and  Z„  »  30.  The  open-circuit  voltage  is  seen  to  have 
o  i 

extrema  for  values  of  line  length  L  approximately  equal  to  multlplea  of  one 
quarter  wavelength.  The  approximation  is  much  better  for  longer  lines  (L  >  2X) 
than  shorter  ones.  Figure  6-3  shows  similar  plots  with  the  impedance  values  re¬ 
versed.  The  positions  of  the  maxima  and  minima  are  also  seen  to  be  reversed. 


Figure  6-4  shows  plots  of  open-circuit  voltage  normalized  in  a  dif¬ 
ferent  manner.  The  line  length  was  fixed  at  ten  meters,  and  the  frequency  was 
varied  from  100  kHz  to  10  GHz.  The  quantity  lv0Cl^0  waa  plotted,  for  ZQ  *  100 
and  Z„  »  30.  The  frequency  for  which  the  line  length  of  10  ra  equals  one-quarter 
wavelength  Is  7.5  MHz  (log  -  6.88),  which  gives  a  maximum  in  the  open-circuit 
voltage,  in  agreement  with  Figure  6-2.  For  significantly  lower  frequencies, 
the  open-circuit  voltage  is  seen  to  conform  to  the  approximation  |V  |  s  EqL, 

For  significantly  higher  frequencies,  the  open-circuit  voltage  experiences  an 
ever-increasing  number  of  excursions  due  to  the  log  frequency  scale.  The  plots 
do  not  show  all  of  the  excursions  in  the  higher- frequency  region  because  in 
would  be  impractical  to  raise  the  sampling  rate  to  the  required  level. 


Figure  6-5  is  similar  to  Figure  6-4,  except  that  the  impedance  values 
are  reversed.  The  first  maximum  is  seen  to  occur  at  15  MHz  (log  -  7.18),  cor¬ 
responding  to  L  *  A/2,  in  agreement  with  Figure  6-3. 


Bounds  for  the  open-circuit  voltage  can  be  computed  for  the  higher- 
frequency  region  by  using  the  observation  that  extrema  ‘.'Ccur  when  d  “  nX/4. 
This  substitution  greatly  simplifies  the  expression  for  open-circuit  voltage, 
as  follows; 
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Figure  6-4.  Normalized  Open-Circuit  Voltage  as  a  Function  of 
Frequency  (Z  -  100,  Z  ■  30,  and  L  -  10  m) 
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Figure  6-5.  Normalized  Open-Circuit  Voltage  as  a  Function  of 
Frequency  (Z^  -  30,  Z^  -  100,  and  L  -  10  m) 
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Figures  6-6  and  6-7  show  these  bounds  plotted  over  the  open-circuit 
voltage  for  the  same  conditions  as  Figures  6-4  and  6-5.  The  bounds  are  violated 
at  lower  frequencies  due  to  failure  in  the  quarter-wavelength  approximation  for 
extrema  location.  If  Zq  >  Z^»  maxima  occur  for  N  odd  and  minima  for  n  even. 

If  Z„  >  Zn  the  reverse  occurs. 

6.3  WIRE  OVER  A  GROUND  PLANE 

A  single-wire  transmission  line  terminated  at  both  ends  to  a  perfectly 
conducting  ground  plane  is  shown  in  Figure  6-8a.  The  distance  between  the  wire 
and  ground  plane  is  b/2  and  the  terminating  impedances  are  Z^/2  and  Z2/2.  The 
length  of  the  wire  is  L,  with  diameter  a.  The  incident  field  is  denoted  by 
E*“(x,  to)  and  is  assumed  as  before  to  be  parallel  to  the  z-axis,  propagating  in 
the  -x  direction. 

Using  image  theory,  the  ground  plane  can  be  replaced  by  the  image  of 

the  wire  and  its  terminations,  together  with  the  image  field.  This  is  shown 

in  Figure  6-8b.  Except  for  the  presence  of  the  image  field,  the  image  problem 

(2) 

is  equivalent  to  the  two-wire  transmission  line  problem  discussed  earlier. 

Two  observations  can  be  made  when  both  the  incident  and  image  fields 
are  considered.  First,  the  differential  mode  current  for  a  wire  over  a  ground 
plane  is  twice  that  for  an  isolated  two-wire  system.  Second,  the  common  mode, 
or  antenna  mode  current  is  zero. 

Using  the  notation  of  Subsection  6-1  and  this  subsection,  the  single 
wire  ever  a  ground  plane  can  be  analyzed  using  the  results  of  Subsection  6-1 
simply  by  multiplying  the  incident  field  by  a  factor  of  2. 

6.4  LOW  FREQUENCY  APPROXIMATION 

If  the  length,  L,  of  the  wires  is  assumed  to  be  short  compared  to 
wavelength,  then  for  lossless  lines,  Equations  8  and  9  can  be  approximated  by: 

L. 

d 
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Figure  6-6.  Normalized  Open-Circuit  Voltage  ae  a  Function  of  Frequency 
Showing  Bounds  Valid  in  Higher-Frequency  Region  (Z.  ■  100, 
Z ^  ■  30,  and  L  ■  10  a) 
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Figure  6-7.  Normalized  Open-Circuit  Voltage  as  a  Function  of  Frequency, 
Showing  Bounds  Valid  in  Higher-Frequency  Region  (Z  »  30, 

ZL  -  100,  and  L  -  10  m)  0 
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The  illumination  of  a  shielded  cable  by  an  external  EM  field  excites 
a  current  distribution  on  the  outer  shield.  Since  the  shield  is  not  a  perfect 
conductor,  this  current  penetrates  the  shield  and  produces  a  voltage  distribu¬ 
tion  along  the  inside  length  of  the  cable.  This  voltage  distribution  in  turn 

produces  a  current  in  the  interior  load  impedances.  The  pertinent  geometry  is 

(2) 

shown  in  Figure  6-9,  where  the  parameters  involved  are; 

I(z)  ■  shield  current  distribution 

L  ■  cable  length 

b/2  *  height  of  cable  above  ground  plane 

a  “  outside  diameter  of  cable 

Z^/2,  Z^/2  -  terminating  impedances  of  cable  shield  treated 
as  a  single-wire  transmission  line  over  a 
ground  plane 

Zq/2  ■  characteristic  impedance  of  cable  shield  treated 

as  a  single-wire  transmission  line  over  a  ground 

plane 


Figure  6-9.  Shielded  Cable  Geometry 


V  zb 


interior  load  impedances 

characteristic  impedance  of  interior  line 
current  in  the  interior  load  impedance  Z 


Tha  length  of  the  cable  is  taken  to  be  much  greater  than  its  height 
above  the  ground  plane,  so  that  I(z)  is  the  only  current  of  consequence.  Other¬ 
wise  i  the  contribution  from  l(x)  must  be  included. 

The  outer  sheath  current  and  the  voltage  induced  along  the  inside  of 
the  cable  are  related  by  the  surface  transfer  impedance.  In  particular, 


JV(z)  ■  Z.t  JC(z)olz 


where 


Z  •  the  surface  transfer  impedance 
V  ■  voltage  Induced  along  the  inside  of  the  cable 


The  current  in  interior  load  impedance  Z  can  be  given  by  an  equa- 

o 


tion  analogous  to  Equation  1, 


L  . 

T  /  V  f  7  TV  \  (£e  o/x _ 

^ (U)  ‘  1  L  ^[)^L  <32) 

where  0^  is  the  wave  number  inside  the  cable. 

For  a  uniform  plane  wave  traveling  in  the  -x  direction  with  a  constant 
eletric  field  in  the  z-direction,  the  sheath  current  distribution  can  be  given 
by; 

tv,  „  -Jih.  W  I  |  C *'PZ  +  Z,  Z,  #(L-Z)]  + 

Z.P  [  (Z.Z,+Z.Z2)c*s(1L+  (33) 

jC2,  z2  tZx  &k. -A  l 

p  (Z* +Z,Z*)  fJL  ) 
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Using  a  short  wirt  (low  frequency)  approximation,  Equation  33  can  ba 


rewritten! 


X(z,<u) 


ZE, 

(z.,  +  z*) 


(34) 


This  raault  can  be  interpreted  as  showing  that  for  low  frequencies 
the  effective  indident  electric  field  on  the  interior  wire  is  given  by 


(Z,  *Zt) 


(35) 


Combined  with  the  low  frequency  approximation  given  in  Equations  29 
and  30.  This  gives  us  approximations,  to  the  open-circuit  voltage  and  short-cir¬ 
cuit  current  for  a  shielded  cable. 


Vjt) 

^4  !,.(£) 


Zl*  ZtE.(t) 

(z,  +ZtT 

ZL tZtE.(i) 


(36) 


(37) 


6.6  UPPER  BOUNDS  FOR  VOLTAGE,  CURRENT,  TOWER 
AND  ENERGY  FOR  A  GENERAL  INCIDENT  FIELD 


Using  the  expressions  for  VQC(t)  and  I>c(t)  as  given  in  Equations  18 
and  19  (or  20  and  21)  various  upper  bounds  can  be  found  for  the  open-circuit 
voltage  and  short-circuit  current.  The  accuracy  of  these  estimates  depends  on 
the  form  of  the  incident  field.  If  a  particular  incident  field  is  assumed  then 
better  estimates  can  ba  mads. 
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If  we  assume  that  Ifl(t)  is  positive  for  each  n,  and  we  define 


I JV 

than  from  Equation  18,  we  have 

ivdc(t)j  ^ i.(t)  in* iin-x£n.,i 

'  n+i 

-  i^+flirri^  a  I„Ak  /(i-iri) 

nKI 

Similarly  from  Equation  19  we  have 


(38) 


(39) 

(AO) 


1^1  £***  a  I**,  i  jpj 


(Al) 


mated  by 


I  x  can  be  computed  for  a  given  incident  field,  or  it  can  be  esti- 


r  <  /  e 

x**a*  ~  a-  *- 1 


(A2) 


where 


(A3) 


For  an  incident  field  with  a  very  rapid  rise  and  decay,  such  as  a 
nuclear  EMP,  the  peak  voltage  and  current  will  occur  shortly  after  the  commence¬ 
ment  of  the  Incident  field.  If  the  rise  time  to  peak  for  the  field  is  comparable 
to  the  length  of  the  line,  T  ,  then  only  the  first  several  terms  of  Equations  18 
and  19  will  be  nonzero  at  the  time  the  peak  occurs.  Therefore, 

i >4.0)1  <  |  w  ■  r i, to  +ryt)l  <  lm„  ( i *  in) 

& 


(44) 


(45) 


I2.I.WI  <  TX|r.(t)-ri,«-rv«l  <  r^o+ain) 

t 

If  a  resistance  R  is  placed  across  the  left-hand  terminals  of  our 
transmission  line  modal,  then  the  delivered  Instantaneous  power,  P(t),  can  be 
bounded  in  three  ways: 


Pit)  £ 

/  R 

(46) 

p(t)  < 

I*  (t)  R 

(47) 

PCD  i 

W  Ijt) 

(48) 

It  can  easily  be  seen  that  Equation  46  will  give  the  best  estimate  if  R  > 

V  (t)/I  (t)  and  Equation  47  will  be  best  if  R  <  V  (t)/I  (t) .  If  R  -  V  (t)/ 

OC  8C  OC  SC  uc 

Igc(t),  then  all  three  bounds  are  equal.  If  no  specific  value  of  R  is  known 
then  Equation  48  should  be  used. 

Using  Equation  48,  together  with  our  previous  estimates  for  V  pea^ 
and  I  pealt,  given  in  Equations  40  and  41,  we  have 

SC 


<  wflsafc  T-^eak  .  (i+iri) 
P  SV„  I«  a  |zj(l.|ri)* 


(•49) 


If  r  <  0,  than  the  following  is  valid: 

PF‘*k<  4*  EL  U,  +  Zt) 
r 

Upper  bounds  for  the  maximum  energy  which  the  incident  field  can  de¬ 
liver  to  the  line  can  be  obtained  as  follows.  We  have  from  Equations  18  and  19, 


(50) 


Vjt)  -  lit)  *  L  r”(lln(t)  - 


(51) 


and 


■  l.(t)  +Z  (-n'Cr^t)  ♦  f„.,  Wj 


(52) 


Tha  anacgy  dallvarad  across  Che  left-hand  terminals  is  given  by 


£  ■  J  FTtiJi 

0 


(53) 


Using  Equations  46  and  47 ,  this  becomes 

£•  * 


op' 

written  as 


sc 


and 


j  v.Ut)jt 

Jo 

(54) 

f  CWJt 

(55) 

0 

function,  which  is  defined  by 

f  lf«)|‘Jt| 

(56) 

m  * 

for  t  <  0,  Equations  54  and  55 

can  be  ra- 

£||VJI* 

i 

(57) 

R II  IJl' 

(58) 

Using  tha  fact  that  the  triangle  inequality  holds  for  the  L  norm,  the  fact 

that  III  ||  ■  ||l  ||  for  each  n,  and  the  assumption  that  I  (t)  >  0,  we  hava 
*  •  o  *  *  n  n 
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(59) 


iivjiUjifi  +  firf)  =111.11  T^fT 

izjhii  s  in,i(i+aZipr)* 


therefore,  Equations  57  and  58  become 


and 


^  M  M  T^  Ci-ir/)4 
£  S||I  ||l  J&JtlCl)* 

4  1 zjw 


(81) 


(62) 


Since  Equation  61  is  a  better  bound  for  large  R  (R  >  . — .  )  and 

I, 

Equation  62  la  better  for  amall  R  (R  <  — — -  )  we  can  obtain  a  bound  inde- 

a  +  |r|)  t* M 


pendant  of  R  by  aaaumlng  the  worst-case  R;  i.e.,  R  * 

(i  +  |r|> 


,  to  obtain 


£  <  mu*  (‘♦H’O.-, 
fc '  4  iz.i(i-iri)1 


(63) 


It  should  be  noted  that  if  a  particular  value  of  R  is  of  interest,  eithar  Equa¬ 
tion  61  or  Equation  62  will  give  a  better  estimate  for  the  energy  than  Equa¬ 
tion  63,  depending  on  the  value  of  R. 


The  expression  ||I  ||  ,  can  be  approximated  in  terms  of  the  Incident 


field.  By  defintion, 


!•  Z 


II I, I**  j  | w |  £“a-r;Jrl 


(64) 


But  by  the  Schwars  Inequality, 


T#  X  t 

vj  Elft-tf  J?|  <  To* ) 


Using  this  in  Equation  64  and  switching  the  order  of  integration,  we  have 


•?  ;wt# 


rj's  vl)  [  i^wiWir  *  l*  II  £zir 


The  quality  IIe1))  can  be  thought  of  as  the  "energy  density"  of  the  incident 
field.  Combining  this  with  Equation  63  we  have 


c  ,  Ll  IlEYdtIH) 

1zJ~(hW 


6.7  DOUBLE  EXPONENTIAL  INCIDENT  FIELD 

We  will  consider  now  the  special  case  where  the  Incident  electric 
field  is  described  by  a  double  exponential  function,  namely 


£„  (t)  -  «-<*)  (£&°)  “>8> 

This  waveform  ia  commonly  used  to  describe  both  nuclear  EMP  and  lightning  EMP 
threats.  Typical  values  for  a  and  8  in  these  case  are 

Nuclear  EMP  a  -  6.3  MHz  B  ■  189  MHz  (69) 

Lightning  EMP  a  -  0.017  MHz  B  -  3.5  MHz  (70) 

For  an,  incident  field  of  the  form  given  in  Equation  68,  the  calcula¬ 
tions  involved  in  evaluating  Equations  18  and  19  for  the  open-circuit  voltage 
and  short-circuit  current  can  be  carried  out  exactly  for  any  given  value  of 
t.  Unfortunately,  because  only  a  finite  number  of  terms  in  these  series  are 
nonzero  and  this  number  changes  with  time,  simple  closed  form  expressions  for 
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V  (t)  and  I  (t)  do  not:  result.  However,  the  resultant  expressions  can  be 
oc  sc 

incorporated  into  a  computer  program  to  efficiently  calculate  these  qualitltes. 

In  order  to  check  the  validity  of  the  expressions  given  in  Equations  18 
and  19  and  also  check  the  accuracy  of  tha  estimates  given  in  Subsections  6.4  and 
6.6,  comparisons  are  made  with  results  obtained  by  a  much  more  detailed  analysis. 
In  particular,  in  Reference  1,  hereafter  referred  to  as  the  Boeing  report,  an 
elaborate  computer  simulation  is  described.  This  simulation  uses  a  wire  grid 
model  of  an  F-18  to  predict  through  a  moment  method  code  the  fields  Incident  on 
Internal  wires.  The  open-circuit  voltage  and  short-circuit  current  are  then 
calculated.  Figure  6-10  shows  the  configuration  under  discussion. 

Following  the  Boeing  report,  we  assume  the  following  values  for  the 
pertinent  parameters; 

L  “  length  of  wire,  12.0  o 

C  *  average  circumference  at  aircraft  along 
attachment  path,  3.1  a 

a  -  composite  conductivity,  10^*  mhoa/o  (71) 

d  -  composite  thickness,  2.5  x  10  m 
ZQ  -  100  n 
Z1  -  30  a 

For  the  case  of  a  nuclear  EMP  threat,  the  electric  field  incident  on 
the  aircraft  is  assumed  to  be  in  the  fo im  of  a  double  exponential  function  as 
in  Equation  68,  with  Eq  ■  50  kV/m,  a  “  6.3  MHz,  and  8  ■  189  MHz.  This  incident 
field  can  be  related  to  the  field  interior  to  the  fuselage  using  tha  (admittedly 
crude)  estimates:,' 

£mt  AO  ~  -  ( i o.<b  -  e“^)  (72) 

Using  this  expression  for  the  electric  field  incident  on  a  transmission  line, 
the  resulting  open-circuit  voltage  and  closed-circuit  current  obtained  by  eva¬ 
luating  Equations  18  and  19  are  shown  in  Figure  6-11.  The  corresponding  plots 
presented  in  the  Boeing  report  obtained  through  their  simulation  program  are 
shown  in  Figure  6-12. 


6-23 


6-10.  Baseline  (All  Composite)  Geometry 


.3 

TIME,  M> 


(a)  Noae/Tail  Short-Circuit  Currant 


time,  m» 

(b)  Nose/Tail  Short-Circuit  Currwit 


Figure  6-12.  V  ,  I  on  Nose/Tail  Wire  for  Nuclei’.'  EMP,  E  Parallel 
oc  sc  /.  ■, 

to  Fuselage  All  Composite  (from  Boeing  Report) ^ 


The  general  shapes  of  the  corresponding  curves  are  remarkedly  similar, 
with  the  locations  of  the  relative  maxima  and  minima  being  virtually  Identical. 
The  additional  fluctatlons  in  the  curves  from  the  Boeing  report  are  probably  due 
to  the  nonuniformity  of  the  fuselage  surface  and  the  fact  that  they  consider  a 
transmission  line  which  is  not  uniformly  straight. 

Applying  the  results  of  Subsection  6.6  and  using  the  parameters  given 
in  Equations  71  and  72,  we  have 

'  7*  j t j  =  'oo  v  <73, 

(whereas  from  Equation  42,  we  have  I  <  127  V).  Therefore,  Equations  40  and 

max  — 

41,  give  us 

fc.  *  0M*')  {PS35T  '  w*> 

rjc  <(Jj2££-\  (Lt?j££ )  -  C75) 

,c  -  (  /ooui  J  [  * 

The  actual  peak  values,  taken  from  the  curves  in  Figure  6-11,  are 

^  9  V  (76) 

«  1.7  A  <”> 

Because  the  Incident  field  under  consideration  has  a  very  rapid  rise 
time  (approximately  0.018  ns  to  peak)  it  is  appropriate  to  use  the  estimates 
given  by  Equations  44  and  45.  These  yield  considerably  better  results,  namely 

Voe  £  0 O3v)0+O.*v)  -/ire.cv  (78) 

x*c  Z  (!$&){i+zCo.s*))  =  a.titA  (79) 
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Consider  now  th«  case  of  a  direct  lightning  atrika.  The  currant  wave 
form  is  aaaumad  to  be  a  double  exponential  of  the  fora 


X(t)  -  (zot£>  v) 


(80) 


The  electric  field  interior  to  the  fuselage  is  then  approximated  by 


with  a  ■  0.017  MHz  and  8  ■  3.5  MHz. 


(81) 


Figure  6-13  shows  the  results  of  applying  Equations  18  and  19  to  this 
situation.  Figure  6-14  shows  the  corresponding  curves  given  in  the  Boeing  re¬ 
port.  Other  than  the  sign  convention,  the  two  setB  of  curves  agree  extraordi¬ 
narily  well.  Again  applying  the  results  of  Subsection  6.6,  we  have 


31. o  kV 


(vher.a.  <  L  E1^  .  31.0  W> 

Equations  40  and  41  give  us 

14*  ■ <i7-3  kV 


(82) 


(83) 


<  , SL ft  * 

IOOJL  LCI-&-5*)] 

From  Figure  6-13,  we  see  that 


I.  os  iA 


rac- 


3/  kV 


(84) 


(85) 


r  /.  03  4  A 


(86) 
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Figure  6-13.  Voltage  and  Current  on  Mose/Tail  Wire  for  Direct  Lightning  Strike 


Because  this  particular  incident  £iald  haa  mostly  a  low  frequency  content,  it 
la  parmlaalble  to  uaa  the  low  frequency  approximation  derived  in  Subeection  6.4. 
That  ie  to  aay,  in  thla  caae 

yoc(£)  5b  (31. 92  kV)  (  eT**  -&**)  (87) 

(*)  ~  0-O64  LA)(cui  -e-*)  (88) 

Theae  functlona  are  ahown  in  Figures  6-15  and  6-16.  They  are  virtually  identi¬ 
cal  to  the  curves  shown  in  Figure  6-13.  In  particular,  the  corresponding  peak 
valuea  are  identical.  Hence  for  this  set  of  parameters,  the  low  frequency 
approximations  can  be  used  with  confidence. 

We  may  use  the  analytic  expressions  given  in  Equations  87  and  88  to 
calculate  bounds  for  the  instantaneous  power  and  total  energy  seen  from  the 
left-hand  terminals  of  the  transmission  line.  These  can  then  be  compared  to 
the  estimates  derived  in  Subsection  6.6. 

The  Instantaneous  power  is  given  by 

P(t)<  vm(t)  r*(t)  *  (33.  %  MW)(eHt-A^)Z  <85> 

Because  the  time  dependence  of  Vqc  and  I  are  assumed  to  be  the  same,  obviously 
the  peak  power  estimate  obtained  from  Equation  88  is  Just  the  product  of  the 
peak  voltage  and  the  peak  current.  That  is 

■p*mk  $  (31  k/)(l.Q3  M)  *  J/.9J  (90) 


Using  Equation  49  to  estimate  the  peak  power  results  in 

p'*4  <  (3i  wff  (/+o.sr)_l  ,  ?0,0 

This  is  seen  to  be  a  little  over  twice  the  value  calculate  in  Equation  89. 
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Figure  6-15,  Low  Frequency  Approximation  to  Open-Circuit  Voltage  on  Noee/ 
Tall  Wire  for  Direct  Lightning  Strike 
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Figure  6-16.  Low  Frequency  Approximation  to  Short-Circuit  Current  on  None/ 
,  Tail  Wire  for  Direct  Lightning  Strike 
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The  energy  which  could  be  dissipated  by  a  resistance  across  the  termi¬ 
nals  is  bounded  by 


£  <  /  ?(i)Jt 


By  using  Equation  89 ,  this  yields 


£  « f»*  "*>  Z fe=T 

The  estimate  given  by  Equation  67  Is 

<  L*»gV  6*iri) 


v  j 


£  < 


but 


Therefore, 

Ooojv)  ('o.^i)2. 

This  estimate  is  about  2,2  times  the  value  calculated  in  Equation  93* 
6.8  EQUIVALENT  SQUARE-WAVE  ROWER  PULSES 


(92) 


(93) 


(94) 


1.2.1  (i-iri)* 

IlfV*  (2.66 WS6JP ((£*-<*¥* * (2.66 WAfCact*)  <M> 


(96) 


The  damage  constant  derived  by  Wunsch  for  semiconductor  Junction  de¬ 
vices  is  used  in  estimating  the  vulnerability  of  electronic  devices  to  burnout. 
This  cone tent  is  obtained  under  the  assumption  of  a  square-wave  power  pulse. 

In  order  to  use  the  Wunsch  damage  constant  for  other  power  pulses,  it  is  useful 
to  relate  a  given  waveform  to  a  rectangular  pulse  with  the  same  peak  amplitude 
which  produces  the  same  (or  greater)  device  damage.  Two  different  "equivalent" 
square-wave  power  pulses  are  considered.  The  first  is  equivalent  in  the  sense 
chat  it  has  thu  same  damage  threshold  as  the  original  pulse.  The  second  is 
equivalent  in  that  it  has  the  same  energy  content  ee  the  original. 
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Tha  damage  constant,  K,  is  related  to  the  energy  required  for  failure, 
Sp«  and  the  time  to  failure,  ty,  by^ 

Ey  -  K  t\n  (or)  K  -  Ef  t;1/2  (97) 

In  order  words,  if  within  a  time  T  more  energy  than  K  t1^2  ia  delivered  to  the 
device  then  burnout  will  occur.  This  relation,  although  obtained  for  a  rectan¬ 
gular  pulse,  la  assumed  to  be  valid  for  other  waveforms  also. 


For  a  power  waveform,  P(t),  the  quantity  that  must  be  compared  to  the 
damage  constant  is  givan  by 

i 


it+T 

/ 

t 

Here  Em4X<T)  la  defined  ea  the  maximum  energy  which  can  be  delivered  in  time  T. 
If  this  expreaalon  la  leaa  than  K  for  all  values  of  T,  then  no  burnout  will 
occur.  Otherwise,  there  ia  a  time  interval  in  which  enough  energy  ia  delivered 
to  cause  burnout. 


)da] 


(98) 


For  a  square-wave  pulse  of  amplitude  PQ  and  duration  T  ,  Equation  98 
attains  its  maximum  for  t  -  T  .  Hence,  for  a  square  pulse  the  critical  values 
for  tb  and  PQ  are  related  by: 

K  -  P  T1/2  (99) 

OS 


For  a  more  general  waveform,  P(t),  whose  peak  amplitude  is  P  ,  we  can 
define  an  equivalent  aquare-wave  power  pulse  with  amplitude  P  ,  which  produces 
the  same  device  damage.  We  will  denote  the  duration  of  this  damage  equivalent 
aquare-wave  pulse  by  T . .  By  definition,  we  have  from  Equations  98  and  99 


vi/2 


t"1/2  E  (t  ) 
max  ax'  max' 


(100) 


or 
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(101) 


'Pn  Tm-X 

mux  max  o  max 


-1/2 

Hare  T  .  is  thac  value  of  T  which  maximises  T  E„.,„(t). 
max  max 

The  other  equivalent  square-wave  pulse,  which  is  easier  to  calculate 
but  which  yields  more  conservative  results,  is  defined  to  have  amplitude  Pq 
and  a  duration  such  that  it  has  the  same  energy  content  as  P(t).  We  will  de¬ 
note  the  duration  of  this  energy  equivalent  pulse  by  T  .  Specifically,  we  have 

© 

00 

■  Etot  (102) 

0 


We  will  see  from  the  following  inequalities  that  using  the  energy 
equivalent  time  in  Equation  99  to  calculate  the  smallest  allowable  damage  con¬ 
stant  will  always  rasult  in  larger  constant  then  would  result  from  ueing  the 
more  precise  (and  complicated)  Equation  98.  This  means  that  it  is  on  the  safe 
side  to  use  the  energy  equivalent  time  to  determine  whether  particular  device 
is  susceptible  to  burnout  for  a  given  power  pulse. 


We  have  the  following  relationships: 


-i/2  }  Tp(s)ds  <  t"1/2  •  T*p  <  T1/2P  (103) 

)  o  —  e  o 

t 

Where  t  ie  min(x,  T  ) . 

© 

Two  power  pulses  will  be  analyzed  to  show  the  relative  valuaa  for  the 
two  equivalent  times  and  t  . 

The  first  power  pulse  which  we  will  examine  is  the  damped  9lnewave 
through  a  semiconductor  Junction.  This  is  of  interest  because  soma  specifica¬ 
tions  are  given  in  terms  of  the  damping  constant  and  frequency  of  a  damped  sine- 
wave.  We  will  consider  only  the  effects  due  to  a  single  period  and  so  can  ignore 
the  damping  effects.  The  results  obtained  are  somewhat  different  than  those 
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£4j 

presented  eleewbere,  Analysis  has  also  baan  performed  for  tha  dampad  sJne- 
wava  extending  over  many  period*.^  Tha  techniques  ouclinad  above  could  bo 
appliad  to  that  case  also. 

Wa  will  consider,  as  in  tha  pravioualy  cited  references,  tha  power 
pula a  given  by 

P(t)  -  Po  sin  (  2$  t)  fo.~  0  <  t  <  |  (104) 


Out  goal  Is  to  relate  the  equivalent  square-wave  times  to  tha  period, 
T,  of  tha  ainawave.  Wa  firot  analyze  the  situation  relative  to  the  damage 
equivalent  time,  x^, 


T+T 


E  (X)  ■  P 
max'  '  o 


J  sin  (  -tj  t)dt  ■  2Pq  (  coa  (  -tjt  t)dt 
t-t  / . 


T-X 

2 


P  T 

«ln  (  ) 


(105) 


P  T 

The  equation  x""1^2  sin  (  )  attains  its  maximum  for  t  ■  0.371  T.  There 

71  l  raAX 

fore  from  Equation  101  wa  have 

xd  ■  T(0. 293) 2/ (0. 371)  -  0.231  T  (106) 


This  is  in  comparison  to  the  result  x^  «  0.203  T  given  in  Reference  4. 

Tha  discrepancy  between  these  results  la  due  to  the  fact  that  the  fac¬ 
tor  of  0.203  was  obtained  by  using  the  full  half  period  sinawava  to  calculate 
the  burnout  constant,  instead  of  finding  the  subinternal  (of  length  x  )  which 

luttX 

maximizes  the  allowed  burnout  constant.  This  causes  the  estimated  critical 
value  of  tha  burnout  constant  to  be  too  small. 
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It  Is  considerably  easier  to  calculate  the  energy  equivalent  tine, 

t  .  We  have! 
e 

T/2  P„T 

Ecot  ■  Po  J  8l“  <  ^  <107> 

0 

Therefore,  from  Equation  102,  we  have 


T  -  (1/tt)T  «  0.318  T  (108) 

e 

These  results  can  be  contrasted  to  the  equivalent  time  obtained  in  Reference  5 
for  the  damped  sinewave  over  many  periods.  Here  the  power  waveform  is  taken  to 

be  P(t)  *  Poc  '241^ c  sin  (  ^  t).  The  value  obtained  is  . 

Te  -  0.380  T  (108) 

This  result  is  larger  than  the  previous  ones  because  it  takes  into 
account  the  additive  effect  of  successive  pulses. 

For  a  low  frequency  field  incident  on  a  transmission  line  both  the 
open-circuit  voltage  and  short-circuit  current  are  proportional  to  the  electric 
field.  Hence,  the  power  waveform  will  be  proportional  to  the  square  of  the 
electric  field. 


Using  this  fact  we  will  analyze  the  equivalent  times  due  to  a  power 
surge  caused  by  a  lightning  strike.  To  simplify  the  calculations  we  will  use 
the  single  exponential  which  describes  the  model  lightning  waveform  for  large 
t,  and  in  fact  la  an  upper  bound  for  the  double  exponential  waveform  for  all  t. 
We  have 
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the  expression 


Ti/2  P  (1  -  e~2<ST) 
_ o 

2a 


attains  its  maximum  for  t  ~  0.628. 

max 


From  Equation  101  we  have 


_  (0.358) ^  0.204  1 

d  "  "(0. 628)a  "a  4.9  a 


(111) 


Using  Equation  102  to  calculate  the  energy  equivalent  time  yields: 

OO 

t8  -  j  ,-2at  dt  -  -L  (-12) 

0 

As  can  be  seen  from  these  calculations,  it  is  in  general  much  easier 

to  compute  Tfi  than  it  is  to  compute  In  fact,  for  both  of  the  examples  given, 

it  was  necessary  to  find  the  root  of  a  nonlinear  equation  in  order  to  calculate 

T  .  Moreover,  it  seems  that  as  a  practical  matter,  T .  can  not  be  computed 
max  q 

reasonably  unless  the  power  waveform  Is  given  as  a  simple  analytic  expression. 

On  the  other  hand,  T  could  be  calculated  efficiently  even  for  power  waveforms 

© 

given  in  the  form  of  real  or  simulated  data. 


Applying  the  results  derived  above  for  alightning  waveform,  it  is 
possible  to  bound  the  energy  delivered  to  a  device  due  to  coupling  to  a  trans¬ 
mission  line  given  the  peak  open-circuit  voltage  and  short-circuit  current.  In 
particular, 

E  <  v  Paak  •  i  peak  ,  T  (113) 

—  oc  sc  e 


The  Boeing  report  gives  values  for  V  peak  and  x  pea^  in  table  5.1, 

oc  sc 

page  87,  for  the  cases  of  a  direct  lightning  strike  and  a  nearby  lightning 

strike.  The  wires  under  consideration  are  as  shown  in  Figure  6-10.  These 

values  are  presented  in  Table  6-1  along  with  the  peak  power  and  maximum  energy 

associated  with  them.  We  assume  that  a  ss  0.017  MHz,  so  that  T  ■  29.41  Us. 

6 
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Table  6-1.  Peak  Power  and  Maximum  Energy 


Direct  Strike 

V 

oc 

I 

sc 

PP«k  E 

Nose/Tall  Wire 

(Nose/Tail  Attachment) 

-32  kV 

-1.1  kA 

35.2  MW  1035.2  J 

(Nearby  Strike) 

250  V 

8.2  A 

2  kW  0.059  J 

Nose/Wing  Tip 
Wire 

(Nose/Tall  Attachment) 

-6.5  kV 

-0.22  kA 

1.43  MW  42.06  J 

(Nose/Wing  Tip 
Attachment) 

-17  kV 

-0.55  kA 

9.35  MW  275.0  J 
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SECTION  7 


VULNERABILITY  OF  SEMICONDUCTOR  DEVICES  TO  EMP  THREAT 


Modern  Aircraft  ara  tquippad  with  complex  electrical  systems  auch  at 
conputara ,  radar*  and  communications  equipment.  Thaaa  systems  ara  vulnerable 
electromagnetic  radiation  from  outalda  aourcaa  >  if  thia  electromagnetic  ra¬ 
diation  la  of  a  high  enough  power  level,  then  the  electronic  component*  aboard 
the  aircraft  are  la  danger  of  being  damaged  and  causing  equipment  failure.  The 
devicee  which  are  moat  vulnerable  to  the  EMP  threat  are  semiconductora  and  in¬ 
tegrated  circuital  ao  the  following  diacuaaion  la  a  nummary  of  aome  of  the 
techniquee  used  to  determine  power  threshold  levela  for  integrated  circuits  (ICa) 
and  semiconductor  devices. 

7.1  SEMICONDUCTOR  JUNCTION  DEVICES 

To  determine  semiconductor  deaege  thresholds,  e  model  ia  needed  which 
will  predict  device  burnout  chereeterletiea  ee  e  function  of  electromagnetic 
pulsewidth.  The  most  widely  used  model  la  the  Wunach  modal,  given  by« 


where : 


P  -  Kt" 


1/2 


Wunach  Model 

* 


t  la  In  seconds 
P  la  in  wetta 

K  la  in  units  of  watta-seconde1^2 


P  l,e  the  power  required  to  fell  the  junction,  K  is  the  deaege  constant  deter- 
minad  by  junction  properties  and  geometry,  and  t  ia  the  pulse  time  to  failure. 


In  order  to  carry  out  an  analysis  of  junction  burnout  characteristics 
using  the  Wunsch  modal,  the  deaege  constant  K  must  be  determined.  There  are 
four  ways  to  determine  thia  K  factor. 


7.1.1  Experimental  Determination  of  K  Factor 

To  determine  the  K  factor  experimentally ,  a  sariae  of  power  pulaaa  la 
injected  into  the  semiconductor  junction,  starting  at  low  power  level.,  and  then 

^CEDING  £101  £UNK -NOT  FI  USD 
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increasing  the  levels  until  either  failure  or  serious  degradation  of  the  junc¬ 
tion  occurs.  Figures  7-1  and  7-2  show  the  range  of  K  for  typical  diodes  and 
transistors. 

7.1.2  K  Factor  Determined  from  Junction  Area 

The  most  accurate  method  of  determining  the  K  factor  requires  a  know¬ 
ledge  of  the  junction  area.  Then  the  K  factor  can  be  determined  from  the  fol¬ 
lowing; 

for  Diodes i  K  ■  55QA 

for  Transistors*  K  ■  470A 

2 

where  A  is  given  in  cm  .  However*  the  junction  areas  for  a  device  are  not  given 
on  a  manufacturer's  data  sheet  and  are  not  otherwise  readily  available.  There¬ 
fore*  one  of  the  two  remelning  methods  of  choosing  K  must  bs  incorporated. 

7.1.3  K  Factor  Determined  from  Thermal  Resistance 

Three  categories  of  semiconductor  devices  will  bo  considered  in  the 

analysis: 


Category  1  -  Germanium  diodes  and  transistors 

Category  2  -  Silicon  diodes*  all  silicon  transistor 
structures  except  planar  and  mesa 

Category  3  -  Silicon  planar  and  mesa  transistors 
The  relationships  are  as  follows: 


Category  1:  insufficient  data  available 
Category  2:  K  -  31.5  e^”1-11) 

K  ■  972.2  e.J"1,24* 

J* 

Category  3:  K  -  338.3  Q^”1,73* 

K  -  4.625  x  106  9  ("3,08) 

j* 
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"TTTTT*| 

Rectifier  Diode* 

T 

R»l»r*r*«  Dlodo* 

Switching  Dlodai 

Saint  Contact  Diode*  ! 

_ 

MffiVowov*  Dlodti  ES 

0.001  0.01  O.t  t  10  100 


Damage  Coni  tool,  K 


Figure  7-1.  Range  of  Pulse  Power  Damage  Constance  for 
‘Representative  Diodes 


o.oi  o.t  I  10  too 
Demos*  Content.  K 


Figure  7-2.  Range  of  Pulse  Power  Damage  Constants  for 
Representative  Transistors 


where  9j c  and  0^  are  found  front  the  following  expressions: 


T.j  (max) 


T 

c 


with 


-  Tmb 

J*  f„ 


Tj(aax)  ■  maximum  operating  Junction  temperature 

Tc  ■  case  temperature 

T  .  »  ambient  temperature 

Pj  *•  total  power  dissipated 


Generally,  at  least  one  of  the  these  thermal  resistances  may  be  cal¬ 
culated  using  manufacturer's  data  sheets. 

7.1.4  K  Factor  Determined  from  Junction  Capacitance 


The  last,  and  moat  reliable,  means  of  calculating  K  ia  from  a  knowledge 
of  the  junction  capacitance  (Cj),  and  breakdown  voltage  (V^) .  For  the  aame 
three  categories  of  devices,  the  equations  are: 

Category  1:  K  -  2.2  x  10-3  VBD(0*20) 

Category  2:  K  -  1.1  x  l(f3  VBD(0‘81) 

Category  3:  K  -  0.008  x  10-3  Cj  VBD(1,63J 


The  value  of  the  junction  capacitance  can  be  found  on  a  manufacturer's 
data  sheet.  This  junction  capacitance  model  suggests  a  more  accurate  determina¬ 
tion  of  K,  and  works  for  both  silicon  and  germanium  devices. 
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7.2  EXAMPLE  CALCULATION  OF  K  AND  PLOT  OF  POWER  VERSUS  TIME 


As  an  illustrative  example,  an  analyala  of  a  2N4Q26  silicon  planar 
transistor  la  dona.  Slnca  tha  davlca  la  silicon  planar ,  It  fita  tha  aodals  of 
Catagory  3. 

Tha  following  apaclflcatlona  are  available  from  tha  manufacturer: 


T^(max)  -  200*C 
Pd  -  2.0  W 
T  -  25*C 

Q 


•0, 


T^ (max)  -  Tc  2Q0  _  25 
9dc  2 


87.5*0/^ 


Also,  from  data  shast  we  find: 


Pd  -  0.5  W 


T 


amb 


25*C 


•o, 


-  T„,h 


200  -  25 
0.5 


350'C/W 


From  tha  data  ahaat  va  obtain  Cj  ■  15  pfd,  -  60  V.  So  now  vs  ara  able  to 
calculate  three  values  of  K: 


* 


solutions 


0.15  from  8. 

jc 

0.068  from 
0.095  from  Cj,  VBD 


Whan  more  than  one  value  of  K  is  obtained,  than  tha  average  value  is  suggested 
for  uaa.  However,  for  large  variations  in  X,  the  value  obtained  from  the  Junc¬ 
tion  capacitance  and  breakdown  voltage  should  be  favored.  Figure  7-3  plots 
P  ■  Kt“i' 2  using  an  average  value  K  -  0.10  for  the  2N4026. 


Figure  7-3.  Power  versus  Time  Failure  Carve  for  2N4026  Transistor 


7.3  INTEGRATED  CIRCUITS 
7.3.1  Damage 

Up  co  nowt  char*  at*  no  models  analogoua  Co  cha  Wunach  modal  for 
predicting  the  damage  threshold*  of  integrated  circuit*.  A  general  conclusion 
which  may  be  drawn  about  ICa  is  that  linear  ICa  are  less  susceptible  to  EMP 
damage  than  digital  IC*.  Figure  7-4  Illustrate*  the  general  conclusion. 
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POWER 

IN 

WATTS 


——LINEAR  CIRCUITS 
;  —  DIGITAL  CIRCUITS 

I  0  NUMBER  OF  CIRCUITS  TESTED 

rT"*  —  "  tv . . . . t  1  ———.■■■—I 

10*B  io“7  to”6  lo’5 

PULSE  WIDTH  111  SECONDS 


Figure  7-4.  Damage  Threshold  for  Integrated  Circuits 


7-7 


While  ther#  are  no  models  or  hard  supportive  data  for  integrated  cir¬ 
cuit  damage  thresholds,  survey  tests  have  revealed  the  following  trends: 


1.  Damage  threshold  for  a  given  functional  logic  varies 
with  manufacturer. 

2.  High  noise  immunity  logic  may  be  more  susceptible  to 
burnout  than  standard  logic. 

3.  Passive  components  in  ICs  are  extremely  transient 
sensitive  and  can  determine  device  damage  threshold. 

4.  Application  of  the  Wunsch  model  to  junction  devices  on 
an  1C  chip  doss  not  give  meaningful  results. 


7.3.2  Upsets 

Figure  7-5  shows  a  typical  logic  transfer  function.  Logic  upset  occurs 
if  the  EMP  transient  is  large  enough,  and  if  tha  duration  transient  exceed!  the 
circuit's  propogation  delay  time.  Figure  7-6  shows  the  form  of  a  typical  upset 
characteristic.  EMP  transient  pulse  energy  is  usually  concentrated  in  the 
10  kHz  to  100  MHz  frequency  region.  A  design  technique  for  attenuating  the 
high  frequency  content  of  the  EMP-induced  transients  is  to  increess  ths  propoga- 
tlon  delay  time.  This,  however,  lowers  the  permissible  hit  rate  of  the  system, 
so  an  evaluation  of  these  trede-offs  must  be  made. 


SECTION  S 


INTEGRATED  CIRCUIT  EM  SUSCEPTIBILITY 

Integrated  circuits  (ICa),  Just  lilts  discrete  components,  ere  sue** 
ceptible  to  high  power  microwave  radiation  effects.  Those  EM  effects  can 
interfere  with  or  permanently  damage  an  IC  chip,  and  a  single  chip  could  cause 
failure  in  an  entire  electronic  system.  Analytical  models  such  as  the  Wunsch 
model  exist  for  determining  the  susceptibility  of  individual  junctions  on  an 
IC  chip,  but  as  yet  a  model  does  not  exist  for  dttermining  ths  suscsptlblllcy 
levels  of  entire  chips.  Traneleting  individual  pn  junction,  sf facts  into  sn 
integrstsd  circuit  modal  appears  to  bs  a  matter  of  applying  conventional  circuit 
analysis  techniques  to  e  chip.  This,  however,  is  not j so  easily  accomplished 
due  to  the  immense  number  of  components  and  circuit ( interconnections  which  gene¬ 
rally  exist  on  a  single  tiny  chip.  As  a  result,  oijjst  of  the  susceptibility  date 
that  we  have  for  ICe  comes  from  actual  laboratory  Lasting  end  not  analytical 
analysis. 

8.1  IC  SUSCEPTIBILITY  DATA 

Following  is  a  brief  discussion  of  the  IC 
able  at  the  present  time,  with  some  examples  shown, 
ths  McDonnsl  Douglas  IC  Susceptibility  Handbook^, 
of  susceptibility  can  be  considered. 

0  Interference 
9  Degradation 
0  Catastrophic  Failure 

Interference  means  soms  effect  is  induced  on  the  IC  by  the  external  signal 
(microwave  in  this  case)  but  no  permanent  damage  is  dons  to  ths  dsvlce.  De¬ 
gradation  la  defined  ee  limited  psrmenent  damage  to  the  device.  In  other  words, 
the  device  i«  still  operational,  but  only  in  e  limited  manner.  Catastrophic 
failure  means  extensive  permanent  damage  is  done  to  the  device,  and  the  device 
becomes  inoperational  in  any  manner. 


susceptibility  data  avail- 
The  data  is  contained  in 
The  following  three  degrees 
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Wh«n  detarming  IC  susceptibility,  two  f acton  must  be  considered: 

#  The  type  of  device  used  (digital  or  linear) 

The  parameters  of  the  microwave  signal  (i.e.,  power 
level,  frequency,  pulse  rata,  etc.) 

Digital  and  linear  devices  are  defined  in  the  following  manner:  digital 
devices  operate  in  only  one  of  two  states  (high  or  low);  linear  devices  oper¬ 
ate  over  s  continuous  rings  of  values  or  have  a  smooth  output.  The  operating 
conditions  of  eha  device  influence  its  IC  susceptibility  to  microwave  algnals. 
As  an  example,  a  7400  TTL  HAND  gate  is  susceptible  to  microwave  aignals  in¬ 
jected  into  the  output  when  the  output  state  is  low,  but  not  when  the  output 
State  is  high.  The  opposite  is  true  when  the  microwave  signal  is  injected 
into  the  input  of  the  7400. 

In  the  frequency  region  between  100  MHa  and  10  GHz,  the  worst-case 
signal  absorption  by  unshielded  wires  can  be  characterized  as  that  collacted 
by  half-wave  dipole  (aperture  «•  0.13A?).  Hence,  the  absorbed  power  is 

P  -  0.13A2Pd  (1) 

where: 

2 

Pd  «  power  density,  W/m 
A  ■  wavelength,  m 

This  indicate*  an  inverse  frequency  squared  relationship,  which  was  confirmed 
ir.  the  frequency  region  of  220  MHz  to  9.1  GHz  where  measurements  were  made  by 
McDonnell  Douglas  using  many  combinations  of  wires  in  bundles  of  cables.  This 
is  shown  in  Figure  8-1.  The  results  in  dB  were  distributed  normally  with  a 
3  dB  to  6  dB  standard  deviation. 

This  expression  is  only  valid  in  the  above  frequency  region.  Mis¬ 
match  losses  counter  the  inverse  frequency  squared  relationship  or  lower  fre¬ 
quencies.  Also,  it  should  ba  noted  that  the  wires  could  pick  up  more  signal 
If  focusing  effects  take  place. 

A 

Transistor-translator  logic. 
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Figure  8-1.  Measured  Maximum  Effective  Apertures  (A  )  of  Various 
Wire  Lengths^  e 

Baaed  on  analyses  and  measurements,  the  primary  Interference  effect 
is  caused  by  rectification  of  the  microwave  signal  in  the  nonlinear  pn  or  np 
function  in  the  transistors  or  diodes  of  the  IC.  This  causes  a  change  in  the 
circuit  voltage  and/or  current,  thuc  shifting  the  operating  point.  In  the  case 
of  threshold  eeneltlve  devices  such  as  digital  circuits,  the  circuit  could  be 
driven  from  a  "low"  state  to  a  "high"  state  or  vice  versa. 

A  typical  plot  of  interference  effacts  versus  frequency  is  shown  in 
Figure  8-2  for  a  741  operational  amplifier  1C.  The  curve  shows  the  incraases 
in  the  input  offeet  voltage  due  to  rectification  of  the  microwave  signal.  Also 
in  the  cut-off  region,  the  effect  is  a  function  of  the  square  of  the  frequency. 

The  modulation  parameters  of  the  Interfering  microwave  signal  also 
have  an  affect  on  1C  susceptibility.  Since  the  transistor  junctions  on  an  IC 
chip  tend  to  rectify  the  interfering  signal,  envelope  detection  takas  place. 

So,  the  Interfering  signal  has  the  seme  amplitude  modulation  as  the  RF  signal. 
Thus,  continuous  wave  signals  produce  a  dc  interference  such  as  shown  in  Fig¬ 
ure  8-2,  and  pulse  modulated  signals  produce  video  pulse  interference.  The 
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through,  and  th«  other  la  thermal  failure  due  to  burn  out.  Whether  tha  failure 
Is  catastrophic  or  juat  produce#  a  degradation  depends  upon  where  in  the  cir¬ 
cuitry  the  failure  occur*,  and  hence  tha  effect  on  perf ormanca .  Predominant 
failure  machaniame  observed  in  tha  McDonnell  Douglaa  tests  ware  all  thermal  in 
nature:  Bond  wire  failure,  junction  failure,  and  metallsatlon  failure. 


Since  the  damage  mechanisms  are  thermal  in  nature,  the  damage  models 
ustd  by  McDonnall  Douglas  were  derived  frota  basic  heat  flow  analysis.  For 
worst-case  analysis,  the  heat  is  assumed  to  be  produced  by  the  absorbed  RF  sig¬ 
nal,  and  there  ie  no  frequency  dependence.  At  pulse  durations  in  excess  of 
about  10  Us,  Figure  8-3,  the  amount  of  power  required  for  damage  is  0.5  W. 

This  value  is  set  by  the  rate  at  which  heat  can  ba  conducted  ewey  from  the  hot 
spot.  For  pulse  durations  in  excess  of  30  Us,  the  average  power  is 


P 


avg 


peak 


x  PW  x  PRF 


(2) 


whara: 

Pavg  "  av*r**e  powar 

l?paak  ■  pulse  peak  power 

PW  *  pulae  width 
PRF  •  pulse  repetition  frequency 


8.2.2  Digital  Interference  Data 

(2) 

Other  sources  report  that  ths  failure  mechanism  in  ICa  dua  to  the 
EMP  from  nuclear  explosions  is  dua  largely  to  semiconductor  junction  breakdown. 
A  model  paralleling  that  used  for  semiconductor  failure  (Wunsch  model)  has  been 
reported  using  the  empirical  model 


P 


(3) 


where: 

P  ■  average  failure  power,  W 
t  ■  pulse  duration,  s 
A,B  ■  exparinental  detarmined 


FAILURE  MODELS  FOR: 

BOND  WIRE 
ALUMINUM 

DIAMETER  >  0.001778  em 
LENGTH  <  0.6  em 
JUNCTION 
SILICON 

FAILURE  AREA  >  0  x  10“® 
CHIP  THICKNESS  '<  0.032  em 
METALLIZATION 
ALUMINUM 

FAILURE  AREA  >  8  x  10“® 
CHIP  THICKNESS  <  0.032  em 


cm3* 

cm2 


Figure  8-3.  Measured  and  Predicted  Worst-Case  Burnout  Levels 

Figure  8-4  shows  ranges  of  values  obtained  for  A  (and  K  for  the  Wunsch  constant) . 

-3 

Using  data  from  Figure  8-3,  a  value  for  A  of  3.5  x  10  and  a  value  for  B  of 
0.5  is  obtained.  This  indicates  that  the  IC  burnout  data  found  experimentally 
by  McDonnel  Douglas  and  the  Bechtold  parallel  to  the  Wunsch  model  are  in  close 
agreement  evanthough  the  failure  mechanism  may  be  different. 

Table  8-1  shows  the  electrical  characteristic#  of  some  transistor- 
transistor  logic  (TTL)  devices.  Listed  in  the  table  are  several  voltage  levels 
for  the  "high"  and  low"  states  (V^  and  V^,  respectively)  and  the  worst-case 
output  levels  for  the  "high"  and  "low"  states  (VyH  and  VQL,  respectively).  Fig¬ 
ure  8-5  is  a  diagram  which  illustrates  the  relationship  between  these  voltages. 

It  shows  a  forbidden  region  in  which  the  device  makes  uncertain  decisions,  as 
well  as  two  regions  of  noise  margin.  In  the  "low"  state,  the  noise  may  increase 
the  drive  level  (input  source  being  a  TTL  device)  from  VQL  to  without  caus¬ 
ing  a  failure. 


In  the  curves  of  Figure  8-6,  the  criterion  for  worst-case  suscepti¬ 
bility  for  the  "low"  state,  the  voltage  values  chosen  are  Vn. ,  VT,  ,  and  a  value 

Uie  XL 
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Figure  8—4.  Ranges  of  A.  (or  Wunscti  K)  for  Various  Device  Families 
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Figure  8-5.  Diagram  Explaining  Voltagaa  Uaad  for  Worat-Caaa 
Suacaptibility  Levels  for  TIL  Devices 


half-way  batwaan.  A  similar  aelaction  was  mads  for  tha  "high"  stats  vorat-casa 
auacaptibility.  Pigura  8-7  susmarisss  ths  worst-cast  suscsptibility  for  both 
ths  "high"  and  tha  "low"  statas. 

Pigura  8-8  shows  tha  worst-casa  auacaptibility  for  complamantary  metal 
oxide  semiconductor  (CMOS)  dsvicas.  Hara  tha  specification  value  for  the  low 
stats  is  about  a  maximum  of  0.05  V  and  tha  minimum  specification  value  for  the 
high  state  is  4.93  V.  A  comparison  of  this  data  with  that  shown  in  Figure  8-6 
for  tha  TIL  devices  shows  that  the  CMOS  devices  ars  much  lass  susceptible  to 
interference  than  the  TIL  devices.  In  both  cases •  it  can  be  seen  that  as  tha 
frequency  of  tha  microwave  signal  increase* ,  the  device  is  able  to  absorb  more 
power  before  interference  occurs.  Figure  8-9  summarises  the  worst-case  sus¬ 
ceptibility  condition  for  both  the  high  end  low  states. 

In  measuring  TTL  and  CMOS  susceptibility,  the  package  supply  currsnt 
was  also  messurtd  to  detsmlna  how  much  RF  power  was  requirsd  to  csusa  signifi¬ 
cant  lncrstsos  in  povsr  supply  currsnt.  It  was  found  that  the  significant  In¬ 
crease  did  not  occur  until  tha  RF  power  leval  waa  far  abova  the  lavals  aufficlant 
to  induca  atata  changaa  in  tha  output  voltaga.  Tha  modaling  activity  conductad 
by  McDonnall  Douglas  alao  confirmad  that  conclusion.  Tharsfore,  in  TTL  circuits, 
output  voltaga  atata  changas  ara  expect ad  to  occur  bafora  significant  supply 
currant  changas  «re  noted. 

8.2.3  Linear  Interferaucc  Data 

The  moat  common  exempli  to  chow  giving  linear  interfering!  data  la 
tha  operationl  ampllfltr.  The  operational  ampllfiar  waa  found  to  be  moat  sus- 
ceptlblt  to  RF  anargy  conductad  into  aither  of  the  input  circuital  Tha  ractlflad 
RF  produces  an  of fast  in  operating  voltaga.  Flgura  8-10  shows  tha  worst-easi 
auacaptibility  lavals  for  operational  ampliflars  for  four  values  of  offset  volt- 
ego-  Typically,  voltage  offsets  of  0.05  V  product  significant  intarfaranca. 

8.2.4  Voltaga  Ragulatora 

Maaauramenta  were  made  of  the  interference  auaceptibllity  of  both 
threa-pin  and  multi-pin  voltage  regulators  undsr  various  load  currsnt  conditions. 


Figure  8-8.  Worst-Case  Susceptibility  Levels  for  CMOS  Devices 
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Figure  8-10.  Worst-Case  Susceptibility  Values  for  Operations!  Amplifiers 


Figure  8-11  ahows  tha  absorbed  power  aa  a  function  of  frequency  to  produce  a 
change  of  0.25  V  in  the  output  of  the  regulators .  The  data  for  the  multi-pin 
regulator  shows  a  susceptibility  of  the  same  order  of  magnitude  as  the  opera¬ 
tional  amplifier  for  0.2  V  offset  voltage.  This  is  probably  caused  by  the  input 
to  the  operational  amplifier  in  the  multi-pin  regulator  being  available  as  an 
input  as  shown  in  Figure  8-12  resulting  in  pick  up  by  tha  operational  amplifier. 

8.3  SUMMARY 

The  information  contained  in  this  report  covers  the  susceptibility  of 
individual  ICa  over  the  frequency  region  from  200  MHz  to  10  GHz.  The  sample 
curves  shown  represent  only  a  small  portion  of  the  data  available  from  the 
source  documents  generated  by  McDonnell  Douglas.  The  data  in  Figure  8-13  shows 
that  the  most  sensitive  devicea  are  operational  amplifiers,  followed  by  multi-, 
pin  regulators  and  TTL  devices.  The  worst-case  susceptibility,  in  terms  of 
absorbed  power  to  cause  a  minimal  interference,  covers  a  range  of  almost  three 
orders  of  magnitude.  The  three-pin  regulator  and  tha  CMOS  circuitry  are  less 
susceptible  than  the  TTL  and  multi-pin  regulator. 

The  susceptibility  of  an  IC  is  naturally  dependent  on  the  contents  of 
the  IC.  If  only  TTL  circuitry  is  contained  in  the  IC,  tha  susceptibility  of 
the  TTL  devices  would  prevail.  If  operational  amplifiers  are  also  contained  in 
the  IC,  the  IC  would  be  susceptible  to  lower  power  levels,  especially  If  the 
operational  amplifier  is  accessible  at  the  IC  terminals. 

The  operational  amplifier  is  most  susceptible  to  interference  at  one 
of  its  input  circuits,  where  the  absorbed  power  is  rectified  (detected)  by  the 
semiconductor  Junction  and  inserts  a  dc  offset  in  voltage.  The  digital  circuits 
appear  to  be  moat  susceptible  to  power  absorbed  in  their  output  circuits,  where 
the  rectified  signal  changes  the  high/low  state  thresholds  to  cause  Incorrect 
logic  decisions  to  be  made. 

When  the  absorbed  power  is  a  modulated  signal  such  as  AM  or  a  pulsed 
source,  the  device  semiconductor  junctions  produce  pulses  which  propagate 
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Figure  8-11.  Worst-Case  Susceptibility  Values  for  Voltage  Regulators; 
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Figure  8-12.  Basic  Series  Regulator  Circuit 
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Figure  8-13.  Worst-Case  Absorbed  Power  Susceptibility 
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through  the  following  circuitry.  The  passband  characteristics  of  those  circuits 
compared  to  the  modulating  frequency  determines  how  veil  the  detected  signal 
will  propagate.  In  general,  it  would  be  anticipatad  that  the  lower  frequencieu 
would  propagate  moat  readily  in  such  circuits  as  operational  amplifiers  and 
Schmitt  trigger  circuits. 

In  the  experiments  and  analysis  performed,  the  shielded  cabling  pra- 

2 

sented  a  worst-case  aperture  of  a  half-wave  dipole  (0.13X  ),  so  that  the  power 
absorbed  by  the  cabling,  F,  without  considering  losses  can  be  related  to  the 
power  density,  P^,  incident  on  the  cabling  by 

P  -  0.13X2Pd  (3) 

where  X  1b  the  wavelength  of  operation.  Using  this  relationship  with  the  curves 
shown  in  Figure  8-13,  the  worst-case  power  density  susceptibility  shown  in  Fig¬ 
ure  8-14  was  obtained.  These  curves  exhibit  a  Very  wide  range  of  power  density 
susceptibility  over  the  frequency  range.  Using  these  curves,  with  the  environ¬ 
mental  RF  threat  provides  a  means  for  assessing  the  increased  shielding  required. 
As  an  example,  the  power  density  at  a  range,  of  1  nmi  from  a  10  kW  transmitter 
with  a  40  dB  gain  antenna  is  shown  in  dotted  lines  acroBB  ths  top  of  Figure  8-14. 
At  the  220  MHz  end  of  the  spectrum  over  60  dB  increases  in  shielding  nagnt  be 
required.  Even  an  increase  in  distance  from  the  antenna  to  10  nmi  would  only 
reduce  the  requirements  to  40  dB  more  shielding.  The  requirement  ia  considerably 
less  at  the  higher  frequencies  due  to  thn  inverse  frequency  square  properties 
of  the  dipoli  absorption  apertures. 

The  preceding  Information  pertains  no  interference  susceptibility, 
which  goes  away  when  the  interfering  source  is  removed.  However,  permanent 
damage  results  at  some  level  higher  than  the  interference  level.  Depending  upon 
the  effect  on  perfor  iance.  it  would  be  classified  as  degradation  or  catastrophic. 
The  failure  mechanism  is  due  to  the  increase  in  temperature  caused  by  the 
absorption  cf  power  (energy)  reaching  a  damaging  level  in  the  silicon  junctions, 
the  totalization  stripes  or  the  bond  wires.  Figure  8-3  shows  the  peak  power 
absorbed  as  a  function  of  pulse  duration  required  to  cause  a  failure  of  this 
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Figure  8-14.  Worst-Case  Power  density  Susceptibility  Values 
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type.  Tha  thermal  dissipation  tima  constant  of  tha  davicas  was  such  that  pulse 
durations  in  excess  of  30  u»  had  the  same  affect  as  CW  signals.  At  pulss  dura¬ 
tions  in  excess  of  30  {as,  the  peek  power  timos  pulse  duration  times  pulse  repe¬ 
tition  frequency  product  (i.e.,  the  energy  absorbed)  is  the  critical  Isbus  since 
the  effect  is  thermal  destruction.  The  data  shows  that  a  minimum  of  0,5  K  of 

absorbed  power  is  required  to  cause  burnout.  Using  the  half-wave  dipole  aper- 

2 

cure  absorption  model,  the  CW  power  density  for  burnout  ranges  from  0.43  W/m 
(0.043  mW/cm2)  at  100  MHz  to  4273  W/m2  (0.43  W/cm2)  at  5.6  GHz. 

The  failure  mechanism  due  to  the  EMP  generated  by  nuclear  blasts  is 
reported  to  be  dominantly  due  to  semiconductor  junction  failure.  For  ICs,  a 
model  paralleling  that  for  the  semiconductors  was  empirically  generated.  This 
modal  is 

P  -  At"B  (4) 

where : 

P  -  average  failure  power ,  W 
t  "  pulse  duration)  s 

A,B  -  experimentally  determined  constants  (values  for  B  not 
available  at  time  of  writing) 

A  chart  showing  the  range  of  values  for  A  (and  tha  equivalent  Wunsch  constant 

K)  is  shown  in  Figure  8-4.  The  data  from  Figure  8-3  found  experimentally  by 

McDonnell-Douglas  for  microwave  power  absorption  shows  a  value  for  B  of  0,5 

-3 

and  a  value  for  A  of  3.5  x  10  .  This  implies  that  the  1C  burnout  and  failures 

due  to  EMP  cause  failures  at  about  the  same  level  of  absorbed  power. 

Figure  8-15  shows  the  energy  levels  for  EMP  due  to  nuclear  blasts. 

(3) 

This  data  was  compiled  by  the  authors  from  their  in-house  experiments  and 
also  fiom  the  Defense  Nuclear  Agency  Handbook.  The  energy  level  for  IC  burn¬ 
out  from  Figvro  8-3  ranges  from  3.5  x  lO-"^  J  to  about  1.5  x  lCT^  J  compared  to 
about  10”  J  for  XCs  due  to  the  EMPs  from  nuclear  blasts. 
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Figure  8-15.  Upset  and  Burnout  Energise  (Us  region  transient#) 
for  Various  Circuit  Element* O) 
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SECTION  9 


EM  SHIELDING /WEIGHT  TRADE-OFFS 

This  section,  details  some  preliminary  work  on  the  trade-offs  involved 
In  the  use  of  different  materials  and  coating  of  graphite/epoxy  laminates  with 
conducting  foils,  meshes,  and  flame  sprays. 

The  data  used  in  developing  the  charts  of  this  section  are  tabulated 
in  Table  9-1.  The  measure  of  EM  shielding  used  in  the  charts  is  the  transfer 
impedance  given  by 


where 


For  the  materials  considered, 
given  by 


Figure  9-1  plots  the  transfer  impedance  in  bar  chart  form.  The  figure 
illustrates  the  shielding  effectiveness  of  the  various  foils  on  an  absolute  scale 
including  an  8-ply  laminate  of  graphite/epoxy.  Its  thickness  is  42  mils  (0.0011  m) . 

Figure  9-2  shows  the  improvement  of  various  protective  costings  on 
8-ply  graphite/ apoxy.  The  plot  is  on  an  absolute  scale  with  all  coating  thick¬ 
ness  fixed  et  4  mils.  For  the  coatings  considered,  the  effect  of  the  coatings 
dominates  the  shielding  the  graphite/epoxy.  It  is  shown  in  Appendix  A  of  a  Boeing 
raport^  that  the  equivalent  transfer  impedance  of  a  costed  material  is  given  by 
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at  sinh  yd 


(1) 


'M. 


y  -  y^a iyo 
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below  10  J  Hz,  Zst.  is  indepadent  of  frequency  and 


Z  “ 
at  0d 


0) 


9-1 


.'VG: 


itiAhUl'V.'.., 


ire  9—1.  Transfer  I^edance  Shielding  of  Structural  Materials  am 
Protective  EM  Coatings  (Valid  for  Frequencies  below  10^ 
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z8t  "  ZLU)  +  ZL(b) 
at  low  frequency.  Hare  Z  (a)  and  Z  (b)  are  the  tranafer  impedances  of  the 
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two  matarlala  and  Z^(a)  and  Z^(b)  are  the  surface  impedances  of  the  materials 
defined  in  Section  3.  At  low  enough  frequency,  both  Z  and  Z  approach  1/od 
in  which  case 
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so  on  applying  a  conducting  film  to  graphita/apoxy  the  resultant  shielding  is 
almost  totally  due  to  the  conducting  film.  Hence,  the  improvement  is  given  that 
protctive  coatings  provide  relative  to  8-ply  graphita/apoxy  (G/E)  is  Just  the 
ratio  of  their  transfer  impedance  or 


Z  (G/E) 
Improvement  ■  — — - - 


Zst(coat) 


1/gG/BdG/E 

1/gcdc 


aG/EdG/E 


The  weight  penalty  paid  by  coating  with  4  mils  of  various  foils  meshes 
and  flame  spray  is  shown  in  Figure  9-3.  This  is  based  on  98.6  ft2  of  coating 
which  is  tha  estimate  surface  areas  of  the  AV-BB  forward  fuselage  to  be  covered 
with  graphite/ apoxy, 

The  combined  measure  of  shielding  end  weight  penalty  for  the  various 
coatings  is  given  in  Figure  9-4.  It  is  defined  as 


Figure  of  Merit  -  -JgEFovement  „ 
Surface  Density 


28t(G/E)/ZBt(coat) 


Rather  than  simply  use  transfer  impedance  as  s  measure  of  shielding, 
it  can  somatimes  be  desirable  to  use  electric  or  magnetic  shielding  effectiveness, 
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HlELDI!iG  MERIT/10 


:  Shielding  Figure  of  Herit  (Shielding  Beyond  8-Ply  Graphite/Epoxy) 
Protective  Coatings 


(Electric  shielding  effectiveness  (ESE)  and  magnetic  shielding  effectiveness 
(MSE) ,  respectively,)  The  definitions  and  relations  for  these  quantities  are 
given  in  Section  4.  Figures  9-5  and  9-6  plot  the  gain  in  MSE  when  different 
coatings  are  applied  to  mixed-orientation  graphite/epoxy.  Figure  9-5  is  taken 
from  Section  4  and  is  for  a  flat  plate  geometry.  It  plots  the  improvement  in 
MSE  provided  by  various  coatings  on  24-ply  graphite/epoxy.  The  curves  of  Fig¬ 
ure  9-5  were  obtained  using 

Z  (C/E) 

Improvement  .  z  +  e0.elng)  <»> 

3  L 

The  transfer  impedance  for  the  combination  graphite/ epoxy  with  coating  was 
taken  from  Reference  1. 

figure  9-6  shows  the  gain  in  MSE  provided  by  coatings  over  an  8-ply 
graphite/ epoxy  cylinder  of  0.5  m  radius  (a  rough  estimate  of  the  F-18  forward 
fuselage  radius) .  The  shielding  of  the  coating  again  dominates  the  composite 
so  that 

Improvement  for  Cylinder  ■  MSE  ■  20  log10(MSR~i)  (10) 

where,  from  Section  4, 

MSR"1  -  cosh(Yd)  +  Z/n  sinh(Yd)  (11) 

where  Z  •  Juiyr  as  in  Table  4-1,  For  electric  shielding,  the  shape  of  the  curves 
would  change,  but  the  separation  versus  frequency  would  remain  the  same. 

A  more  revealing  parameterization  of  data  is  the  plot  the  thickness 
of  different  coatings  required  to  provide  a  given  amount  of  shielding.  Again 
the  equivalent  trasfer  impedance  of  graphite/epoxy  coated  with  a  highly  con¬ 
ducting  material  is  dominated  by  the  coating.  Table  9-2  lists  the  thickness 
of  coating  required  for  40,  60,  or  72  dB  of  shielding  along  with  the  weight 
penalty  per  square  foot  of  coating. 


Table  9-2.  Coating  Thickness  and  Weight  Penalty 
for  Fixed  Shielding 


Shielding 

a 

Coating  Thickness  in  mils 

20  l°»10  z.t 

40  dB  60  dB  72  dB 

Aluminum  Foil 

3.12  x  107 

0.1259 

1.259 

5.0121 

Copper  Foil 

7.29  x  107 

0.054 

0.54  1 

2.1451 

Titanium  Foil 

2.1  x  106 

1.87 

18. r 

74.46 

Nickel  Foil 

1.28  x  107 

0.31 

3.1 

12.217 

Tin  Foil 

8.78  x  106 

0.45 

4.47 

17.81 

Aluminum  Flame 

(L 

Spray 

2.46  x  10° 

1.6 

16.0 

63.6 

Graphite/ Epoxy 

104 

392.8 

3928.0  15638.0 

o 

Weight  Pen*lty/ft  Applied 

Coating  (lb) 

Density  (lb/ft*) 

for 

20  lo»10  z« 

Shielding 

1  mil  coating 

(lb) 

40  dB 

60  dB 

72  dB 

Aluminum  Foil 

0.014 

0.00177 

0.0177 

0.0702 

Coppler  Foil 

0.04665 

0.00252 

0.0252 

0.100 

Titanium  Foil 

0.024125 

0.45 

0.45 

0.797 

Nickel  Foil 

0.0405 

0.0126 

0.126 

0.495 

Tin  Foil 

0.0365 

0.016 

0.16 

0.65 

Aluminum  Flame 

Spray 

0.00243 

0.004 

0.04 

0.155 

The  thickness  of  costing  Is  calculated  from 

Shielding  <dB)  -  20  logIC(l/ad)  (12) 

The  results  of  plotting  the  tabulation  are  shown  In  Figures  9-7,  9-9,  and  9-9. 
9.1  REFERENCE 
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This  report  summarize*  work  being  done  by  Che  Grumman  Aerospace  Cor¬ 
poration  (GAC)  for  the  Advanced  Composite  Structures  ADP,  Air  Force  Flight 
Dynamics  Laboratory,  Wright-Patterson  Air  Force  Base,  under  Contract  F33615-77- 
C-5169.  The  GAC  program  is  a  30-month  technical  effort  entitled  "Protection 
Optimization  For  Advanced  Composite  Structures"  and  is  reported  in  eight  quar¬ 
terly  progress  reports  (so  far)  dating  from  15  September  1977-  The  program 
objective  is  to  develop  practical  optimized  and  integrated  protection  and 
shielding  methodologies  for  the  protection  of  composite  aircra't  against  mul¬ 
tiple  threats*  Threats  addressed  included  lightning  (direct  and  indirect), 
nuclear  electromagnetic  pulse  (NEMP),  static  electrification,  electromagnetic 
interference  (EMI),  and  high  energy  lasers  (HEL).  We  will  focus  on  the  investi 
getion  of  shielding  effectiveness  against  electromagnetic  radiation  in  the 
10  kHz  to  10  GHz  frequency  range. 

Composite  materials,  such  as  graphite /epoxy  (Gr/Ep,  described  in  the 
following  text)  have  a  much  lower  conductivity  then  the  material  of  typical 
aircraft  (air  passage)  structures  (conductivity  is  three  orders  of  magnitude 
leas  than  that  of  aluminum).  As  a  result,  they  must  be  given  conducting  cover¬ 
ings  to  help  adequately  shield  the  aircraft  interior  against  EMI.  These  cover¬ 
ings  were  also  evaluated  against  lightning,  NEMP,  and  HEL,  and  thus  are 
called  protection  techniques  or  systems. 

In  evaluating  and  developing  protection  systems  for  shielding  com¬ 
posite  structures,  a  key  principle  to  follow  is  malntainance  of  maximum  elec¬ 
trical  conductivity.  Any  conductor  gaps  may  allow  electromagnetic  radiation 
to  leak  through,  rather  than  conducting  it  away  to  the  rest  of  the  structure 
surface.  Keeping  this  in  mind,  the  major  results  of  the  GAC  program  thus  far 
are: 

*  A  Gr/Ep  panel  edge-treatment  method  was  developed  to  ensure 
maximum  ohmic  electrical  contact  between  the  panel  and  the 
test  fixture. 
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Conductivity  testing  showed  Gr/Ep  laminate  conductivity 
to  be  a  linear  function  of  the  equivalent  0*  orientation 
laminate  percentage. 

A  test  fixture  was  built  which  measures  total  shielding 
effectiveness  of  test  specimens. 

The  plain  panel  teat  results  fit  the  theoretical  curve  for 
magnetic  shielding  effectiveness  versus  frequency.  (Close 
agreement  was  not  achieved  In  the  E-fleld  and  plane-wave 
cases.) 

Aluminum  flame  spray  was  found  to  have  the  greatest  shield¬ 
ing  effectiveness  of  ell  surface  protection  system*  tested, 
yielding  shielding  effectiveness  improvement  over  bare 
Gr/Ep  by  as  much  as  25  dB. 

Contrary  to  expectation,  24-ply  Gr/Ep  panels  with  aluminum 
mesh  protection  performed  better  in  magnetic  fields  then 
12-ply  panels  with  the  asms  protection.  It  wee  conjectured 
that  this  wee  due  to  poor  electrical  contact  between  the  mesh 
end  the  12-ply  panel. 

Various  fastener  end  doubler  conditions  on  joined  panels 
were  tested.  It  wee  found  that  Hl-Loks  performed  about  as 
well  as  stress-wave  rivets,  that  loosening  fasteners  decrasses 
the  shielding  effectiveness  (by  as  much  as  25  dB),  but  that 
removing  fasteners  is  sometimes  better  then  loosening  them! 
This  happens  because  at  some  frequencies,  the  logs*  fasteners 
act  as  Independent  antennas,  reredieting  energy  through  the 
panel . 

A  secondary  flame  spray  method  was  developed  to  ensure  con¬ 
ductive  continuity  between  the  surface  protection  systems 
on  the  joined  panels. 

In  the  access  door  taste,  the  flame-sprayed  panel  with  the 
flame-sprayed  door  showed  an  improvement  of  8  dB  over  even 
the  plain  flame  sprayed  panel  at  some  frequencies,  although 
usually  the  door  assembly  produced  20  dB  lees  shlpldlng. 

The  latest  access  door  design  (providing  flsme  spjrey  to 
flame  spray  contact  for  electrical  continuity)  had  not  yet 
been  tested  by  the  period  of  the  eighth  quarterly  report. 


This  summary,  then,  discusses  the  following: 

*  The  Composite  Material  (Graphite/Epoxy) 

*  Conductivity  of  Graphita/Epoxy  Laminate* 

3  Shielding  Effectiveness  Meeaurement  Fixture 

*  Method  of  Measuring  Shielding  Effectiveness 

0  Plain  Panels 

*  Joined  Panels 

*  Access  Doors 
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a.o  Ttt  Composite  material  (graphite/epoxy) 

Graphite/epoxy  (Gr/Ep)  was  selected  aa  Cha  advaacad  composite  ma¬ 
teriel  te  be  investigated  for  tha  following  raaaona: 

’  •  » 

*  Low  currant  and  foracaatad  coat  par  pound 

*  Ability  to  be  molded  into  complex  ahapae 

4  Uaa  on  wold  line  aurfacea  that  receive  external 
thraata 

Hercules  3501-SA/AS-l  Gr/Ep  praprag  par  GAC  Material  Specif ication  GM30/2A 
waa  used.  This  material  ia  resin  treated,  parallel-in-plana,  collimated, 
coatlaraous  fitter  pra-iwpragnatad  tape,  capable  of  being  molded  with  low  preeaure 
(100  pal  ’iaXlitaO  laminating  methods.  (For  Gr/Ep,  a  typical  fiber  dismater 
ahould  be  abotlt  0.3  mil,  with  typical  ply  thickness  of  about  3  mil.) 

3.0  ROWttPCtlVITY  OF  GRAPHITE /EPOXY  LAMINATES 

The  room  temperature  conductivity  of  Gr/Ep  laminates  of  the  0#/90°/+45 
fatally  (see  the  following  text)  waa  determined  from  resistance  measurements 
of  panels  performed  at  GAC  end  other  date  (eee  "The  Second  Quarterly  Progress 
Report**,  hereafter  QR  II).  The  bealc  assumption  made  ie  that  the  laminate  Is 
electrically  homogeneous  and  thus  is  described  by  a  single  bulk  conductivity 
number. 

Resistance  measurements  were  performed  on  12-ply  Gr/Ep  laminated 
panels  with  individual  plies  oriented  so  that  their  graphite  fibers  pointed 
In  th*  0*.  90*  or  ±  45*  direction.  The  specimens  had  a  fibsr  volume  fraction 
of  62X  and  had  dimeeeions  of  20  x  1  x  0.063  in.,  the  last  bslng  the  thicknaee 
of  the  laminate  stack.  Measurements  ware  made  using  a  Hewlett  Packard  Modal 
432IA  nlllohm  mater  and  thin  probing  elactrodaa  applied  to  specimen*  edge 
treated  for  ohmic  electrical  contact. 


The  edge  treatment  method  evolved  through  three  stages.  The  Initial 

method!  involving  aluminum  flame  spray  1/2  in.  on  each  end  plua  adjacent  edgee) 
of  cured  laminates ,  was  inadequate  due  to  insufficient  adherence  of  the  flame 
spray  to  the  cured  laminate  plus  eventual  galvanic  aluminum/ graphite  corrosion. 
The  second  method  axpoeed  the  carbon  fibers  at  the  specimen  ends  by  removing  the 
resin  with  a  solution  of  hot  sulfuric  acid  or  by  carbonisation.  After  resin 
removal,  the  exposed  fibers  were  coated  with  a  a liver- filled  epoxy' resin  and 
covarad  with  a  1  in.  x  1  in.  aluminum  foil  electrical  contact  pad.  This  method 
yielded  excellent  results,  but  was  slow  and  not  desirable  aa  an  electrical 
connection  method  for  aircraft  structures.  Finally,  using  the  good  data  from 
the  second  edge  treatment  method,  a  production-oriented  refinement  was  achieved; 
namely,  a  chamfer  (i.e.,  bevel)  on  the  order  of  three  to  four  times  the  thick¬ 
ness  from  the  edge,  in  conjunction  with  silver-filled  epoxy  end  aluminum  pads. 
Figure  1  ehowe  the  conductivities  calculated  from  the  reslatance  measurements 
(see  QR  II  for  the  references) ,  Note  that  conductivity  in  the  0*  direction  is  a 
function  of  the  equivalent  0*  laminate  (in  percent)  which  is  calculated  by 
assuming  that  a  +  45*  pair  of  plies  is  electrically  equivalent  to  a  single  0* 
ply  and  that  th*  90*  plies  do  not  contribute  to  the  conductivity,  Further, 
stacking  sequence  variations  do  not  significantly  affect  the  conductivity  of  the 
laminate. 

4.0  SHIELDING  EFFECTIVENESS  MEASUREMENT  FIXTURE 

The  shielding  effectiveness  measurement  fixture  is  an  gll-welded 
aluminum  fixture  about  10  ft  x  3  ft  x  4  ft,  divided  into  four  vertical  compart¬ 
ments.  The  transmitted  signal  is  brought  by  coaxial  cable  from  a  shielded  room 
to  a  transmitting  antanna  in  one  of  tha  innar  compartmanta .  It  than  passaa 
through  a  sample  (e.g.,  Gr/Ep  plate)  mounted  on  an  aperture  in  th*  vail  between 
the  inner  end  the  adjacent  outer  compartment,  where  the  receiving  antenna  la 
located.  Finally,  it  is  carried  out  of  tha  fixture  again  by  coaxial  cable  to 
tha  receiver.  All  apertures,  both  external  and  internal,  ware  hardened  by 
installing  a  1/4  in.  x  3/16  in.  radio  frequency  (RF)  metal  gasketi  Type  20-40118 
(Tachnit  Corporation),  at  a  distance  of  1/2  in.  from  tha  auge  of  tha  opening 
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In  a  rigid  recessed  groova.  The  axtarnal  doors  (ona  on  Cha  slda  of  itch  con- 
par  tmant)  wara  fabricatad  by  tha  Univarsal  Shlaldlng  Corporation  and  ara  of  tha 
UQ904  type,  which  alactrlcally  aaala  tha  andoaura  against  RF  leakage. 

Each  communicating  wall  in  tha  fixture  haa  a  large  aperture  (24  in. 
x  36  In.)  over  which  can  be  fit  a  27  in.  x  39  in.  aluminum  fixture  plate 
with  an  additional  small  aperture  (12  in.  x  12  in).  The  panel  and  Joint  speci¬ 
mens  (measuring  15  In.  x  15  in.)  ara  fitted  over  the  small  apartute,  while  the 
access  door  specimens  (measuring!  once  again*  27  in.  x  39  in.)  are  fitted  over 
the  larga  aperture.  To  ensure  againsti  RF  leakage  around  the  specimen!  edges  the 
specimens  ware  edge  treated  (see  discussion  of  plain  panels  in  the  following 
text).  They  were  than  mounted  so  that  tha  electrically  continuous  picture 
frame  around  tha  edge  of  tha  sample  (resulting  from  the  edge  treatment)  firmly 
contacted  tha  RF  gasket  around  the  aperture.  To  accomplish  this,  a  natal 
frame  or  pressure  plate  was  Installed  over  the  sample  and  bolted  to  the  mount 
(bolts  1  in.  apart)  to  provide  an  even  distribution  of  pressure  on  tha  sample, 

RF  gasket,  and  aperture. 

5.0  METHOD  OF  MEASURING  SHIELDING  EFFECTIVENESS 

The  method  employed  to  measure  shielding  effectiveness  Is  *  two 
pair  antenna  system,  using  the  above  fixture.  Shielding  effective*****  is 
measured  by  first  taking  a  reference  reading  in  one  pair  of  compartments  with 
a  naked  aperture  and  then  taking  a  measurement  in  the  other  identical  pair  of 
compartments  with  the  sample  mounted  in  the  aperture.  The  difference  in  dBs  of 
the  two  readings  is  tha  shielding  effectiveness  of  the  material  v*4*r  test. 

Three  types  of  fields  were  used:  low  impedance  (H),  high  Impedance 
(E),  and  plane  waves  above  60  MHs.  To  ensure  true  E  and  H  near  fields,  the 

distance  from  the  transmitting  antenna  to  the  sample  was  lass  than  X/2tt  in. 

The  same  transmitting  and  receiving  equipment  was  used  for  plana  waves;  however, 

in  this  case,  the  distances  were  greater  than  X/ 2rr  in.  for  electrically  small 

antennas  and  2D  /X  for  larger  ones,  where  D  is  tha  largest  dimension  of  the 
transmitting  element.  Tables  1  and  2  show  the  equipment  list  and  measurement 
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Table  1.  Shielding  Effectiveness  Measurement  Equipment  List  (QR  II) 
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T*  bU  2.  H,  E|  and  Pl*n*-W*VB  M***ur«m«nt  Condition*  (QR  VII) 


TYPE  01* 
pibld 

TRANSMITTING  ANTBNNA 
(INCH  SSI 

RSCBIVINQ  ANTBNNA 
(INCH  SB) 

PRBQUENCY  RANQB 

DISTANCE  PROM 
TRANSMITTING 
ANTSNNA TO 
SAMPLE  (INCHES) 

H 

3(6  TURN  M,SL«.  ID  LOOP) 

3(6  TURN  SHIELD  SO  LOOP) 

0,014.30  MHI 

3 

H 

3(1  TURN  SHi..;  £10  LOOP! 

3(1  TURN  9HIBL06D  LOOP) 

30— 300  MHs 

3 

H 

1  (1  TURN  LOOP) 

1  (1  TURN  LOOP) 

1  QHl 

1 

H 

1/8  (1  TURN  LOOP) 

1/8  (1  TURN  LOOP) 

lOOHi 

1/8 

mm 

36  (ROD) 

36  (ROD  1MPIRB  VR.10S) 

0.014-0.1B  MH* 

3 

B 

36  (ROD) 

36  (ROD  SMPIR1  VA*106) 

0.16-30  MHi 

3 

B 

1  (RODI 

1  (ROD) 

1  QHl 

1 

mm 

1/8  (ROD) 

1/6  (ROD) 

10  QHx 

1/6 

PLANS. 

WAVS 

3  (ROD) 

3  (ROD) 

100  MHi 

33 

PLANS. 

WAVS 

1  (ROD) 

1  (ROD) 

1  QHl 

12 

PLANS. 

WAVS 

POLARAO  CA-X-HORN 

1/8  (ROO) 

10  QHl 

12 

n 

condition!  for  Ch*  t*it«  (except  for  a  alight  aodificaeion  of  measurement  con¬ 
dition!  for  apeciman  numbara  (S/Ns)  1  through  4). 

Each  pair  of  tranaaittlng  anti  receiving  antennae  vaa  checked  for 
equivalency  to  enaure  Chat  conditions  are  the  same  in  each  pair  of  compart- 
menta.  Thia  vaa  done  by  setting  up  a  field  (E,  H,  or  plane),  placing  a  teat 
antenna  in  thdt  field,  and  then  taking  a  reading  with  a  field  strength  meter. 

If  the  readings  compared  to  within  2  dB  when  a  second  antenna  was  substituted 
for  the  first 4  the  two  were  considered  equivalent. 

The  enclosure  was  chackad  for  RF  leaks  and  maximum  measurement  range 
of  the  equipment.  A  1/8  in.  aluminum  panel  was  used  in  the  temple  chamber, 
with  leake  being  Indicated  by  observing  anything  above  the  internal  noise  of 
the  receiver  tttian  the  ayetem  is  switched  to  that  chamber. 

6.0  PLAIN  PANELS 

Two  Gr/Ep  laminates  ware  examined,  12-ply  and  24-ply  thicknesses  of 
the  same  type  <17%  0°,  17Z  90° ,  66%  +  45*).  Specifically,  the  12-ply  panels 
were  denoted  (2/2/8),  indicating  the  number  of  plies  in  each  of  the  orientations 
of  the  0*/90*/+  45*  family  of  composites.  Similarly,  the  24-ply  panels  were 
denoted  (4/4/16). 

The  candidate  surface  protection  system  specimens  were  of  the 
following  types: 

*  Unprotected  (bare)  Gr/Ep  laminates 

*  120  x  120  grid  aluminum  mesh  (0,010  in.  thick)  bonded 
and  co-cured  with  Gr/Ep  by  an  unsupported  epoxy  film 

adhesive  (Reliabond  398U,  0.06  lb/*^) 

*  200  x  200  grid  aluminum  mesh  (0.005  in.  thick)  bonded 
and  co-cured  with  Gr/Ep  by  en  unsupported  epoxy  film 
adhesive  (Reliabond  398U) 


Aluminum  flam*  spray  (4  to  6  mil)  on  1  oil  fibarglaas/ 
•poxy  prepreg  scrim  co-curad  with  Gr/Ep  laminates 

Haxcal  XC484  aluminum  coatad  conductiva  fibarglaaa/apoxy 
praprag  co-curad  with  Gr/Ep  laainataa 

Vapor  daposited  aluminum  (3.0  to  5,0  x  10~^  la.  thick) 
added  to  a  bar*  Gr/Ep  panel 

Vapor  deposited  aluminum  (3.0  to  5.0  x  10  ^  in.  thick) 
added  to  an  aluminum  flame  spray  specimen  (described 
above) 


In  addition, 

Thors trend® 


foux  panels  manufactured  by  the  Haxcal  Corporation  ualng  their 
material  system,  which  utilises  an  aluminized  fibarglaas  (XC487/F155) 


with  1543/F155  fiberglass  cloth,  were  aloo  tested. 


Table  3  details  the  test  program  for  both  plain  and  Joined  panels. 

Tha  shielding  effectiveness  specimens  were  edge  treated  (in  a  modification  of 
method  three  of  the  conductivity  tast)  in  order  to  provide  intimate  electrical 
contact  with  the  graphite  fibers.  Each  specimen  was  chamfered  3t  x  t/2  (where 
t  is  the  panel  thickness)  on  both  sides,  for  all  edges,  creating  a  knife  edge 
which  effectively  exposes  six  times  the  original  fibar  and  cross  sectional 
araa.  Then,  for  a  diatanca  of  1,5  in.  on  both  aldas  around  tha  periphery, 
the  surface  was  coatad  with  a  thin  continuous  layer  of  silver-filled  conductive 
epoxy.  Finally,  bafora  the  epoxy  cured,  e  layer  of  0.010  in.  thick  aluminum 
foil  was  applied  again  for  a  distance  of  1.5  in.  on  both  aides  around  tha 
periphery,  aa  was  the  epoxy.  After  two  hours  at  140SF,  the  epoxy  had  fully 
cured  and  was  ready  for  drilling  and  mounting  in  tha  fixture. 


Results  of  teats  for  the  2/2/8  Gr/Ep  panels  are  shown  In  Figures 
2  through  4.  Included  are  curves  calculated  from  a  general  shielding  effective¬ 
ness  equation  (sea  QR  III): 

SE  ■  A  +  +  R2  (1) 

where  SE  is  the  total  shielding  effectiveness  in  dB,  A  is  the  absorption  power 
loss,  Rp  is  the  reflection  power  loss  of  the  boundaries  of  tha  shield,  and 
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Table  3.  Shielding  Effectiveness  Test  Program  (QR  V) 


BMCIMEN 

TYPE  OR  PROTECTION 

NO,  OF 

NO,  OP 

H-PIILO 

l-PIELO 

PLANS- 

NUMBER 

PLIES 

TESTS 

WAVE 

B/N2-S 

BARE 

12 

2 

M 

X 

X 

S/N  1 

1 

24* 

1 

X 

B/NS 

120  ALUMINUM  MESH 

2 

x 

b/nba 

12 

2 

* 

X 

X 

B/N  4 

120  ALUMINUM  MESH 

24 

2 

n 

X 

X 

S/N4A 

1 

X 

X 

X 

a 

B/N  7 

200  ALUMINUM  MESH 

12 

1 

M 

3 

»/Ne 

24 

1 

X 

£ 

2 

S/N  5 

ALUMINUM  PLAME 

12 

1 

X 

3 

B/NB 

SPRAY  44-6  MILS) 

24 

1 

X 

E 

S/N  10 

ALUMINIZED 

12 

1 

X 

B/N  11 

PIBERQLASS 

24 

1 

X 

B/N  12 

VAPOR  DEPOSITED  ALUMINUM 

12 

1 

X 

X 

X 

B/N  14 

ALUMINUM  PLAME  SPRAY 

ANO  VAPOR  DEPOSITED 
ALUMINUM 

12 

1 

X 

X 

X 

S/N  2J1 

BARE  WITH  HLLOKS 

ANO  ALUM,  DOUBLER 

VERTICAL  JOINT 

12 

1 

X 

X 

X 

B/N  3J1 

BARI  WITH  STRESS  RIVETS 

ANO  ALUM,  DOUBLER, 

VERTICAL  JOINT 

12 

1 

X 

X 

X 

I/N2J2 

BARB  WITH  HI-LOKS  ANO 

24  PLY  GR/CR  DOUBLER 
VERTICAL  JOINT 

12 

B+ 

X 

X 

X 

BARE  ALUM,  WITH  HI-LOKS 

AND  ALUM.  DOUBLER, 
VERTICAL  JOINT 

1 

X 

X 

X 

1 

S/N  2J3 

BARE  WITHOUT  DOUBLER, 
FASTENERS  AND  LIQUID 

SHIM,  VERT,  JOINT 

12 

1 

X 

X 

X 

i 

5 

S/N2J4 

BARE  WITHOUT  DOUBLER 
FASTENERS  AND  LIOUlO 

SHIM,  HORIZ,  JOINT 

12 

1 

X 

X 

X 

S/N  US 

BARE  WITH  HI-LOKS  ANO 

24  PLY  GR/EP  OOU8LER 

HORIZ.  JOINT 

12 

1 

X 

X 

X 

S/N  3J2 

BARE  WITH  STRESS  RIVETS 

ANO  ALUMINUM  00U8LER, 
HORIZ,  JOINT 

12 

1 

X 

X 

X 

S/N  Ml 

ALUM,  FLAME  SPRAY 

HI-LOKS,  ALUM,  OOUBLER 
VERTICAL  JOINT 

12 

1 

X 

X 

X 

S/N  20J1 

ALUM,  FLAME  SPRAY 

HI-LOKS,  GR/EP  DOUBLER 
VERTICAL  JOINT 

12 

1 

X 

X 

X 

S/N  18 

BARI 

1 

1 

X 

X 

X 

S/N  18 

BARE 

2 

1 

X 

X 

K 

III 

S/N  1? 

BARE 

2 

1 

X 

X 

X 

CSC 

S/N  11 

BARE 

4 

1 

X 

X 

X 

•  NOT  GDQE  TREATED,  ALL  OTHER  SPECIMEN!;  ARE  EDOE  TREATED, 

+  TIGHT  HI'LOKS,  LOOSE  HI-LOKS,  NO  MOUNTING  BOLTS  ON  DOUBLER,  AND  NO 
DOUBLER 


FREQUENCY  -  MH/ 

•Field  Shielding  Effectiveness  for  2/2/8  Graphite/Epoxy  Panel  (QR  IV) 


&2  la  eha  corractlon  factor  dua  to  raflactlona  from  tha  far  boundary  of  tha 
ahiald. 


Mora  apaclflcally,  the  abaorptlon  lose  A  la  given  by: 

A  -  3. 338t  V  MC^f  (2) 

where  f  la  the  frequency  In  Hz,  t  la  the  thickness  In  Inches,  cR  la  the  elec¬ 
trical  conductivity  of  the  material  relative  to  copper,  and  y  la  tha  perme¬ 
ability  of  tha  material  relative  to  space.  The  total  reflection  power  loaa, 
haa  a  different  form  for  each  field  (H,  E,  or  plana  wave)  and  further  de¬ 
pends  on  f,  oR,  y,  and  r  (the  distance  from  the  source  to  the  shield  in  inches). 
The  correction  term,  R2,  haa  the  same  form  for  all  fields  and  depends  on 
f,  o_,  y,  and  and  Za  (the  Intrinsic  Impedance  of  the  shield  in  vector  form  in 
ohms),  and  Zw  (the  incident  wave  impendence  in  vector  form  in  ohms). 

For  the  2/2/8  Gr/Ep  layup  (corespondlng  to  50%  equivalent  O' 
laminate),  Figure  1  yields  a  conductivity  of  17,500  mhos/m  (l.e.,  aR  ■  3  x  10~^). 
The  same  holds  for  the  4/4/8  Gr/Ep  layup.  The  relative  permeability,  y,  is 
taken  to  be  1.  From  Figure  2,  it  will  be  noted  that  the  bare  Gr/Ep  shield¬ 
ing  effectiveness  data  fall  within  3  dB  below  the  calculated  curve  for  from 
0.01  to  10  MHz,  failing  to  10  dB  below  at  100  MHz.  Therefore,  the  agreement  la 
good  in  the  magnetic  field  case.  However,  as  seen  from  Figures  3  and  4  the  data 
for  bare  12-ply  plate  fall  at  least  30  dB  below  the  curve  for  the  E-field  and 
plane  wave  cases.  This  discrepancy  has  not  been  resolved. 

The  same  qualitative  results  held  for  the  bare  24-ply  plate,  with 
lower  E  and  plane  wave  data  possibly  due  to  lack  of  edge  treatment  (for  that 
one  specimen)  resulting  in  poor  electricdl  contact  with  the  fixture. 

Among  all  the  plain  panels  tested,  tha  ones  with  the  aluminum  flame 
, spray  provided  the  most  shielding.  This  is  probably  due  to  the  continuous 
aluminum  coating.  The  panels  with  the  200  aluminum  mesh  did  not  provide  any 


A-16 


improvement  in  shielding  of  over  chs  bare  graphics  epoxy  (probe, bly  duo  to 
leek  of  intimate  contact  along  the  edges  of  the  panel).  Also,  the  vapor 
deposited  aluminum  panel  apparently  had  too  little  protection  (i»e«,  3.0  to 
5.0  x  10”®  in.  thick)  to  show  any  improvement  over  the  bar*  Gr/Ep.  The  poor 
performance  af  the  aluminized  fiberglass  (over  Gr/Ep)  panels  is  due  to  the 
fact  that  the  aluminized  fiber  vas  alignad  only  along  the  transverse  direction 
of  the  panel. 

The  four  panels  manufactured  by  HEXCEL  Corporation  [layups  of  one 
0*  ply  (S/N  13),  two  0*  plies  (S/N  16),  one  0*  ply  and  one  90*  ply  (S/N  16), 
and  one  0*  ply,  one  90*  ply  (S/N  17)  and  one  pair  of  +  45*  plies  (S/N  18)]  gave 
low  results  (even  after  edge  treatment),  compared  with  the  other  types  of  panels 
tested.  With  12  or  more  plies  of  this  material,  a  much  higher  shielding  might 
be  obtained. 

Surprisingly,  the  12-ply  panel  with  120  aluminum  mesh  did  not  perform 
as  well  as  the  24-ply  panel  with  the  same  typs  of  protection.  The  12-ply 
panels  were  ra-edga-treated  to  improve  electrical  contact,  but  still  gave  about 
half  the  shielding  effectiveness  (in  dB)  of  the  24-ply  panels  with  120  aluminum 
mesh  for  H-fielde  at  frequencies  from  0.014  MHz  to  10  MHz.  The  quality  of  the 
contect  area  of  the  mesh  and  the  Gr/Ep  panel  may  affect  this  result,  but  at 
present  this  discrepancy  is  unresolved. 

Finally  in  the  investigation  of  plain  panels,  a  formula  for  the  elec¬ 
trical  conductivity  of  the  protected  panels  (e.g.  fleas  sprayed  Gr/Ep)  was 
used  as  a  check  on  the  protected  Gr/Ep  shielding  effectiveness  data  (see 
QR  IV).  The  resulting  H  field  shielding  curves  for  the  flame  spray  and 
aluminum  mesh  panels  fit  the  data  quite  well,  showing  the  validity  of  the 
parallel  resistor  model  which  resulted  in  the  formula.  (The  Inconsistencies 
for  the  120  aluminum  mesh  on  the  12-ply  panel  were  discussed  above). 
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7.0  JOI}HD  PANELS 


The  next  stag*  of  the  shielding  affectlvanesa  program  was  the  in¬ 
vestigation  of  composite  air  passage  butt  joints.  Plain  12-ply  Gr/Ep  panels 
from  the  previous  teats  ware  cut  in  half  and  rejoined  with  one  of  the  following 
doublers  (Figure  5): 

*  Aluminum,  1/8  in.  thick  and  3  in.  wide  with  fasteners 
•paced  1  in.  apart 

*  24-ply  (4/4/16)  Gr/Ep,  3  in.  wide  with  faatenere 
spaced  about  1  in.  apart 

Each  joint  had  either  Hi-Lok  fasteners  or  stress  wave  rivets.  To  provide  for 
air  passage  smoothness,  the  gap  between  the  two  panels  (typically  0.063  in.  for 
the  12-ply  Gr/Ep  joints)  was  filled  with  EA  934  liquid  shim.  As  shown  in 
Table  3,  various  conditions  were  tested: 

*  Aluminum  versus  Gr/Ep  doublers 

*  Hl-Loka  versus  stress  wave  rivets 

*  Tight  Hl-Loks,  loose  Hl-Loks,  no  fastenem,  no 
mounting  bolts  on  doubler,  no  doubler,  no  liquid 
shim 

*  Vertical  joint  versus  horizontal  joint 

*  Bare  12-ply  Gr/Ep  joined  panels,  flame  sprayed  joined 
panels,  1/16  In.  aluminum  joined  panel 

(The  aluminum  panel  and  joint  were  included  to  test  tha  joint  configuration 
itself.) 

Lastly,  the  RF  tight  joint  concept  (described  in  the  following 
text)  was  examined  for  several  specimens  not  listed  in  Table  3. 

The  results  of  the  first  four  joint  tests  listed  in  Table  3  showed  no 
significant  difference  in  shielding  effectiveness  between  the  types  of  fasteners 
used.  The  stress-riveted  specimens  showed  only  a  slightly  higher  shielding 
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(Hot  to  Scale) 


effectiveness  at  frequencies  abova  10  MHz.  Similar  raaulta  bald  for  tha 
doublers,  axcapt  tha  aluminum  doublav  waa  vary  alightly  mot*  affactiva  ovar  moat 
of  tha  taat  range,  rising  to  a  10  dB  improvement  ovar  tha  Gr/Ep  doublar  in  tha 
H-fiald  at  100  MHx. 

Thaaa  Jolnad  panala  bahavad  similarly  to  thoaa  in  tha  corrsaponding 
plain  panal  tests.  Hovavar,  tha  joinad  panala  had  thraa  timaa  tha  thicknaaa  of 
Gr/Ep  at  tha  joint  than  tha  plain  panala,  indicating  RF  leakage.  In  any  casa, 
tha  raaulta  shoved  that  tha  jolnad  panala  provlda  adaquata  shlaldlng. 

Tha  aluminum  plata  spaelman  parforoad  battar  than  any  of  tha  othar 
configurations  (about  SO  dB  battar  for  tha  H-field,  about  100  dB  battar  at  and 
abova  10  MHs  for  tha  E-fiald,  and  about  30  dB  battar  for  tha  plana  wsve  taat) . 

At  0.014  MHc  tha  maaaurad  valua  for  tha  H-field  taat  was  in  agraaoant  with  tha 
valua  calculated  from  Equation  1,  using  a  1/16  in.  thick  aluminum  plata.  As 
tha  fraquancy  lncraasad,  tha  maasurad  valuas  davlatad  from  tha  calculated  onas, 
thus  showing  tha  affact  of  joint  laakaga.  As  a  part  of  tht  tast  of  S/M  2J2 
(12-ply  Gr/Ep  panals  jolnad  to  a  24-ply  Gr/Ep  doublar  with  Hi-Loka),  various 
Hi-Lok  tightnasa  conditions  wars  investigated.  It  was  found  that  tha  magnetic 
shlaldlng  effectiveness  decreases  with  a  reduction  in  tightness ,  Tha  data 
iov  tha  E-fleld,  however,  indicated  that  at  low  frequencies  no  Hl-Loks  gava 
batter  shielding  that  any  othar  configuration.  This  surprising  result  can  ba 
explained  as  follows. 

Tha  Gr/Ep  of  tha  panal  and  the  doublar  is  a  poor  conductor  compared 
to  'Ordinary  metals  (conductivity  is  thraa  orders  of  magnitude  lass  than  aluml- 
inum).  Since  the  Hi-Loks  are  good  conductors  and  do  not  make  good  contact  with 
tha  fibers  of  the  Gr/Ep  panels,  it  la  theorized  that  a  small  capacitance  la  aet 
up  betwaen  the  Hl-Lok  and  the  panel  and  doubler  combination.  As  s  result,  the 
Hl-Loks  act  as  amall  antennas  at  frequancles  vhare  this  capacitanca  Is  high 
(around  .1  MHs),  incraaalng  tha  coupling  betwaen  the  teat  antannaa  and  thus 
decreasing  tha  shielding  effectiveness  of  tha  joint.  At  low  frequencies,  the 
4aln  coupling  between  taat  antannaa  is  through  the  panel,  while  at  higher 
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frequencies  (1  MHs  to  1  GHz)  the  sbove  cepecltlve  reectence  decreases  end  the 
Hi-Loks  short  out  to  the  panel,  leaving  shielding  effectiveness  independent  of 
fastener  tightness. 

the  next  four  bare  Gr/Ep  panel  joint  tests  (S/Ns  2J3,  2J4,  2J5,  and 
3J2)  gave  results  on  joint  leakage  and  the  effect  of  joint  orientation  with 
respect  to  the  impinging  field.  The  results  for  the  (2/2/8)  bare  Gr/Ep 
joined  panel  without  fasteners,  doubler  and  liquid  shim  indicated  much  less 
shielding  than  the  previous  tight  joint  tests.  The  shielding  of  the  bare  12-ply 
panel  with  various  fastener-doubler  combinations  was  then  compared  with  plain 
panel  results  (figures  6  through  8).  The  data  indicate  that  the  joints  leak  at 
high  (>10  MHz)  frequencies  in  a  magnetic  field  and  at  low  frequencies  (<1.0  MHz) 
in  an  electric  field.  In  general,  the  joints  with  a  90*  orientation  gave  simi- 
llar  shielding  data  to  the  0*  orientation  for  H-flelda  at  frequencies  below 
10  MHz,  but  produced  at  least  10  dB  less  shielding  for  E-flelds  at  frequencies 
above  10  MHs. 

The  shielding  effectiveness  of  the  sluminum  flame  sprayed  panels 
joined  to  an  aluminum  or  Gr/Ep  doubler  with  Hi-Loks  (i.e.  S/Ns  SJl  and  20 Jl) 
was  greater  than  that  for  those  without  flame  spray  for  frequencies  <10  MHz 
in  both  U-  and  E-flelds.  Above  this  frequency  the  joint  leaks  and  flame  spray 
makes  no  difference,  for  plane  waves,  the  panel  with  the  Gr/Ep  doubler 
indicated  that  flame  spray  provides  additional  shielding  over  bare  Gr/Ep, 
but  the  panel  with  the  aluminum  doubler  did  not  show  the  same  results. 

To  reduce  the  Rf  leakage  in  a  typical  aircraft  (sir  passage) 

* 

Gr/Ep  butt  Joint,  an  additional  surface  protection  system  was  desired.  The 
main  problem  was  to  provide  electrical  continuity  between  surface  protection 
systems  (a.g.,  aluminum  flame  spray)  on  either  side  of  the  joint.  Of  course, 
the  ultimate  goal  would  be  to  provide  a  butt  joint  specimen  with  the  samu 
shielding  effectiveness  as  a  continuous  flat  panel. 
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Figure  6.  Magnetic  Shielding  Effectiveness  of  2/2/8  Graphite/Epoxy  Plain  Panel 
and  Panels  Joined  with  Hi-Loks  (QR  V) 


The  result  of  thla  invaatigation  waa  tha  RF  tight  joint  concapt  which 
utilixad  a  1.0  in.  wida  atrip  of  aluminum  flama  apray,  applied  along  tha  length 
of  tha  Joint  aaam  by  maana  of  tha  OAC  developed  aacondary  flame  apray  appli¬ 
cation  technique,  tiour  teat  apacimena  were  then  produced  (not  liated  on 
Table  3). 

The  firat  two  were  15  in.  x  15  in.  24-ply  (4/4/16)  Gr/Ep  with 
either  4  to  6  mil  of  aluminum  flame  apray  or  120  x  120  grid  aluminum  meah. 

They  ware  than  cut  in  half  and  rejoined  (aa  with  tha  other  joined  panela) 
with  24-ply  Gr/Ep  doublara  and  flush-head  Hl-Loka.  Finally,  tha  aacondary 
flame  apray  waa  applied  t  tua  jointa.  After  theae  two  specimens  ware  teated, 
conducting  tape  waa  added  directly  over  the  aacondary  flame  apray  to  teat 
adding  more  conductive  material  aa  compared  to  widening  the  joint  protection 
araa.  Copper  tape  (1.0  in.  wide  and  1.5  mil  thick)  waa  applied  directly  over 
tha  aacondary  flame  apray  while  tha  aluminum  tape  (2.0  in,  wide  and  3  mil 
thick)  was  applied  not  only  over  the  secondary  flame  apray  area,  but  also  on 
tha  heada  of  the  Hi-Loka  on  both  aides  of  the  joint  area. 

The  test  results  showsd  thet  in  tha  majority  of  casaa  tha  RF  tight 
joint  concapt  displayed  similar  shielding  effectiveness  to  that  of  tha  con¬ 
tinuous  flat  panel  of  tha  sama  material  makeup  (i.e.,  24-ply  Ur/Sp  with  either 
4  to  6  mile  aluminum  flama  spray  or  120  grid  aluminum  maah) .  Also,  although 
tha  addition  of  tha  copper  tape  had  a  slightly  greater  affect  than  tha  addi¬ 
tion  of  aluminum  tape,  in  moat  caoas  neither  had  much  affect  on  tha  shielding 
effectiveness  of  tha  baaic  aacondary  flama  sprayed  RF  tight  joint  concapt, 

8.0  ACCESS  DOORS 

Tha  objective  of  tha  moat  racant  stage  of  the  shielding  effectiveness 
Investigation  waa  to  determine  tha  extant  of  RF  leakage  through  tha  accaaa 
doors  of  a  co> voaite  aircraft.  Initially,  the  investigation  involved  con¬ 
ventional  accaaa  door  to  surrounding  structura  interfaces,  such  as  those 
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found  on  present  day  metallic  aircraft,  to  permit  a  direct  comparison  between 
metal  and  Gr/Ep  access  doors.  Later,  interface  modifications  will  be  used  to 
reduce  the  amount  of  RF  leakage  through  the  Gr/Ep  doors. 

The  access  door  test  panels  were  constructed  as  described  in  the 
teat  plan  (Table  4).  They  consisted  of  12-ply  (2/2/8)  bore  or  aluminum  flame 
sprayed  Gr/Ep  paaels  (27  in.  x  39  in.,  us  described  in  Section  4.0)  with  an  in¬ 
tegral  -15  in.  x  -15  in.  x  0.125  in.  deep  recess.  Further,  soma  panels  were 
edge  treated  (as  described  in  the  paragraph  on  plain  panels) ,  and  some  had  a 
12  in,  x  12  in.  cutout  within  the  panel  recess.  The  first  two  access  door 
types  were  15  in.  x  15  in.  bare  12-ply  Gr/Ep  (D-l)  and  15  in.  x  15  in.  alumi¬ 
num  flame  sprayed  (matallzad)  12-ply  Gr/Ep  (D-2) .  Other  modifications,  such  as 
the  addition  of  dimpled  washers  to  both  metallzsd  (D-2A)  and  bare  (D-1A)  access 
doors,  and  a  two  place  metallzsd  access  door  assembly  (D-3,  shown  in  Figure  9) 
have  not  bean  tested.  Note  that  D-3  (mounted  on  a  metallzsd  base  panel  es  in 
Figure  9)  provides  flint  spray  to  flame  apray  contact  across  the  door-to-penel 
ettechment  interface. 

As  shown  on  Table  4,  the  first  three  tests  covered  chamber  equivalency, 
edge  leakage  through  the  large  end  small  apertures,  and  the  affect  of  re¬ 
moving  the  RF  gasket  around  the  small  aperture.  The  resulta  of  Test  Number  1 
(T/N  1)  ahowad  the  chambers  to  be,  for  engineering  purposes,  equivalent.  The 
small  differences  in  maximum  field  pickup  were  within  the  accuracy  of  the 
measuring  equipment  (e.g.,  2  dB) .  T/N  2  also  showed  chamber  equivalency,  but 
also  ahowad  leakage  around  the  edges  of  the  large  and  small  aluminum  fixture 
plates.  The  total  leakage  was  less  than  the  Internal  noise  of  the  receiver, 
except  for  H-  and  E-fie.Us  at  10  GHz  (large  aperture  edge  leak  -  about  50  dB, 
small  aperture  edge  leak  -  about  3  dB),  and  the  E-field  at  about  0.01  MHz 
(lalrge  aperture  edge  leak  -  -10  dB,  small  ape  turo  edge  leak  -  -4  dB) .  T/N  3 
showed  that  the  removal  of  the  email  aperture  RF  gasket  does  not  have  much 
effect  on  results. 
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Table  4.  Reviled  Test  Plan  To  Determine  Shielding  Effectiveness  Of 
Graphite /Epoxy  Access  Doors  (QR  VIII) 


ACHAMtM 

(L/H  SIB!) 


LAROt  ARIRTURI  ORIN 


ALUMINUM  RIXTURI  RLATl  COVIRINO 
LARCH  ARIRTURI  ONLY 


ALUMINUM  RIXTURI  RLATl  COVIRINO 
LARCH  ARIRTURI  ONLY 


RANIL  1  A-1 


RANIL  1 A-1 


RANIL  1 A-2 


RANlL  1A-2 


LARCH  ORIN  ARSRTURI 


RANIL  1  A-2 


RANIL  1  A-2 


LARCH  ORIN  ARIRTURI 


LARCH  ORIN  ARIRTURI 


LARQI ORIN  ARIRTURI 


LARCH  ORIN  ARIRTURI 


LARQI  ORIN  ARIRTURI 


LARQI  OPEN  ARIRTURI 


LARQI ORIN  ARIRTURI 


LARQI  ORIN  ARIRTURI 


LARQI OPEN  ARIRTURI 


LARQI ORIN  ARIRTURI 


■CHAMSIR 
(R/H  HDD 


LAROE  ARIRTURI  ORIN 


ALUMINUM  RIXTURI  PLATES  COVIRINQ 
LARGE  AND  SMALL  ARIRTURI 


ALUMINUM  RIXTURI  RLATl S  COVIRINQ 
LARQI  AND  SMALL  ARIRTURI  WITH 
SMALL  ARIRTURI  RR  Q  ASK  IT  RlMOVIO 


RANIL  2 A-1 


RANIL 1 ft- 1 


RANIL  2 A-2 


PANEL  11-2 


RANIL  11-2 


PANEL  2  Asl 


PANEL  2A-3i  l>1 


PANEL  11-3 


RANIL  11-3,  0-2 


RANIL  11-3,  D-1 


RAN8L2A-3,  0-2 


RANIL  11-3,  0-1 A 


PANEL  11-3,  0-2 A 


PANEL  2A-3.  0-1 A 


RANIL2A-3,  0-2A 


RANIL  2A-3,  04 


PANEL  IB-3,  0-3 


•NOT!  -  THI  SRICIRIC  PANEL  DESIGNATIONS  AS  THEY  APPEAR  IN  TABLE  2-1  ARE  DRRINED 
•NOTE  AS  ROLLOWSi 

•  1A  A  2A  -  12  PLY  (2/2/S)  SARI  ORARHITI/IROXY  RANIL  (27  INCHES  X  38  INCHES) 
WITH  INTCQRAL  0.121  INCH  DIIR  RICISI 

•  IS  -  12  PLY  12/2/S)  ALUMINUM  RLAMI  SPRAYED  QRARHITI/IROXY  RANIL  (27 
INCHIS  X  31  INCHtt)  WITH  INTIQRAL  0.121  INCH  DIIR  RICIIS. 

THI  DASH  NUMIIRI  APPIARINQ  IMMEDIATELY  AFTER  THI  AIOVI  SYMBOLS  ARE 
DIFINIO  AS  FOLLOWS: 

•  (-1 1-  NO  IOQE  TRIATMINT.NO  CUT-OUT 

•  (-2)  -  1001  TRIATID,  NO  CUT-OUT 

•  (-3)  -  1001  TREATED,  12  INCHIS  x  12  INCHIS  CUT-OUT  WITHIN  RANIL  RICISI, 


(I.O.,  11-2  13  0IRIN1S  AS  IOQE  TRIATID  ALUMINUM  RLAMI  SPRAYED  GRAPHITE/ 
IROXY  RANIL  WITH  NO  CUT-OUTI 


T/N  4  and  T/N  S  showed  that  panel  IB-1  (flame-sprayed)  had  up  to 
15  d£  increased  shielding  effectiveness  over  the  unprotected  specimens  1A-1 
and  2A-1.  However,  ell  these  large  panels  provided  about  8  to  10  dB  leas 
shielding  than  did  the  small  plain  panels  tested  earlier  in  the  program.  This 
decrease  in  shielding  may  be  attributed  to  the  leakage  through  the  attachment 
perimeter  of  the  large  panels,  which  is  double  the  length  of  that  of  the 
smaller  panels. 

Edge  traatmant  of  the  large  panels  (in  T/Ns  6  through  8)  increaaad 
the  thialding  ef factivaness  only  at  frequencies  above  100  MHz. 

The  results  of  T/N  9  and  T/N  11  to  datermina  tha  shlalding  effective- 
nesa  of  panels  with  cutouts,  but  without  access  doors,  were  not  shown,  because 
they  offered  little  to  no  shielding. 

The  rest  of  the  completed  tests  (i.s.,  T/N  10  and  T/Ns  12  through  14), 
compared  bare  end  oetalized  continuous  panels  against  bare  and  metalizad  cutout 
panda  with  bars  and  uatallzad  access  doors.  In  most  cases,  the  continuous 
panels  (2A-2  and  IB-2)  displayed  the  greatest  shielding  effectiveness  against 
H,  E,  end  plane  wavs  EM  radiation,  especially  at  the  high  frequancias.  Tha  non- 
continuous  panals  (2A-3  and  IB-3) ,  with  the  access  doors  mounted  in  place,  dis¬ 
played  e  maximum  reduction  in  shielding  effectiveness  of  38  dB  for  the 
1  GHz  E-field  measurement  of  penel  2A-3  with  door  D-2.  However,  In  most  cases, 
the  utilization  of  the  aluminum  flame  sprayed  access  door  (D-2),  as  oppoetd 
to  tha  bare  or  unprotected  eccess  door  (D-l)  showed  an  increase  in  shlalding 
effectiveness  of  as  much  es  31  dB.  Further,  in  many  cases,  especially  at 
lovar  frequencies  (up  to  100  MHz),  the  utilization  of  access  door  D-2  showed 
an  increase  in  shielding  effectiveness  over  that  of  tha  continuous  panals  as 
well  (Figures  10  through  12). 
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PANEL  18  2  (FLAME  SPRAYED.  EDGE  TREATED  PANEL  WITH  NO  CUT-OUT) 

PANEL  IB-3  WITH  DOOR  0-2  t  FLAME  SPRAYED  DOOR  MOUNTED  ON  IB-2  WITH  CUT-OUT) 
PANEL  IB-3  WITH  DOOR  D-l  (UNPROTECTED  DOOR  MOUNTED  ON  IB-2  WITH  CUT-OUT) 
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SECTION  1 


INTRODUCTION  AND  OVERVIEW 


This  report  summarizes  work  done  by  General  Dynamics  Corporation, 

Fort  Worth  Division  (with  contributions  to  the  effort  made  by  Culhem  Laboratory, 
UKAEA  Research  Group,  United  Kingdom),  for  the  Air  Force  Flight  Dynamics  Labora¬ 
tory,  Advanced  Composite  Structure  ADP,  Wright-Patterson  Air  Force  Base  under 
Contract  F33615-76-C-3439.  The  Composite  Forward  Fuselage  Systems  Integration 
program,  covering  the  period  April  1977  through  May  1978,  was  initiated  to  per¬ 
form  the  development  necessary  to  guide  the  integration  of  avionic  and  electri¬ 
cal  systems  into  the  composite  aircraft  structure.  The  final  report  (AFFDL-TR- 
78-110)  was  published  September  1978.  We  will  examine  Volume  It  of  that  report, 
which  covers  the  identification  and  modeling  of  the  induced  effects  of  lightning. 


The  rest  of  this  section  covers  the  test  approach  and  conclusions  of 
Che  program.  The  remaining  sections  of  this  report  are: 


2.  Lightning  Simulation  and  Induced  Voltage  Measurement 
Techniques 

3.  Comparison  of  Predicted  and  Measured  Results 

4.  Additional  Measurements 

3.  Driving  Point  Waveform  and  Induced  Mechanisms  - 
Theory  and  Prediction 

In  particular,  Section  3  consolidates  and  slightly  expands  on  the  major  theo¬ 
retical  and  calculatlonal  aspects  of  the  General  Dynamics  report. 


1.1  TEST  APPROACH 


The  composite  material  used  was  graphite/epoxy  which,  with  a  conduc- 

m  3 

tlvlty  10  times  that  of  aluminum,  could  be  expected  to  allow  greater  penetra¬ 
tion  of  electromagnetic  (EM)  radiation  into  the  fuselage  interior,  thus  possibly 
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threatening  avionic  and  electrical  systems.  In  ordtr  to  evaluata  this  situation 
in  detail,  tha  program  focuead  on  tha  following  araas: 

*  Davalopmant  of  a  aimpliflad  taat  configuration  (consisting 
of  a  singla-ataga  capacitor  bank  lightning  simulator),  a 
graph its /epoxy  YF-16  forward  fuaalagt  taat  articlt,  and  a 
raturn  conductor  (consisting  of  thrae  broad  matal  platas) , 
which  both  complatad  tha  test  circuit  and  ensured  frea- 
fiald  conditions  exterior  to  the  test  article  (Figures  1-1 
and  1-2)*.  Tha  resulting  driving  point  waveform  was  a 
unipolar  pulse  with  no  overshoot,  typically  having  a  cur¬ 
rant  maximum  of  20  kA,  di/dt  maximum  of  17.1  kA/ys.  Taat 
rasulta  (i.a.,  lntarlor  wiring  voltage  pickups)  ware  than 
scaled  up  to  simulate  tha  affect  of  lightning  threat  param¬ 
eters  (200  kA;  100  kA/ys), 

*  Evaluation  of  low  frequency  (LF)  and  high  fraquancy  (HF) 
affects,  Including  those  related  to  tha  driving  point 
waveform  (LF),  its  time  derivative  (higher  frequencies, 

see  Figure  5-3),  and  to  fuselage  resonances  (HF) .  (Section  2.) 

*  Determination  and  measurement  of  basic  mechanisms  coupling 
external  EM  radiation  to  interior  wiring.  (Section  3.) 

'  Development  of  simplified  models  and  theory  of  induced 
mechanisms,  including  predictive  calculation  techniques 
to  compare  with  test  results.  (Section  5.) 


In  addition  to,  and  in  conjunction  with,  the  basic  test  program, 
special  tests  were  conducted  to  evaluate  the  following  aspects  of  coupling 
phenomena: 


*  Magnetic  flux  distribution  inside  fuselage 

*  Small  aperture  effects 

*  Effect  of  additional  metal  conductors  and  their  Impact 
on  the  circumferential  variation  of  fuselage  interior 
voltages 

*  Performance  of  twisted  pairs,  coaxial  cables,  and 
•hialdsd  twisted  pairs  in  the  presence  of  aperture 
and  diffusion  fields 

531  figures  and  tables  are  taken  from  Report  AFFDL-TR-78-110,  except  as  noted. 
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•  HF  Affects  inside  enclosed  erase  due  to  capacitive 
coupling 

*  Electronics  (F-lll  vintage)  powered  up  test  on  the  air¬ 
craft  to  test  for  Interference  or  demage. 

For  this  last  test,  with  F-lll  vintage  avionics  installed  in  a  typical  manner, 
the  structure  was  tasted  with  a  123  kA  peak,  32  kA/yu  maximum  rate  of  change 
current  pulse  while  the  systems  were  operating.  No  failures  or  perturbations 
occurred.  (Section  4.) 

1.2  CONCLUSIONS 


As  a  result  of  the  program,  a  number  of  conclusions  ware  drawn  about 
lightning  effects  in  a  graphite/ epoxy  fuselage.  Some  of  these  conclusions  are 
also  applicable  to  metal  airframes } 


*  Thera  are  three  primary  mechanisms  of  energy  transfer  from 
a  lightning  strike  to  electrical/electronic  equipment. 
These  primary  transfer  mechanisms  assume  that  design  pre¬ 
cautions  have  been  taken  to  prevent  direct  transfer  of 
energy  to  the  Interior  of  the  fuselage  shell  (e.g.,  by 
conduction  of  a  lightning  stroke  down  a  pitot  lint  or 
pitot  heater  wiring) : 

1.  IR  coupling  (Jp  voltage  per  unit  length)  produces 
a  voltage  drop  along  the  interior  surface  of  the 
graphlte/epoxy  fueelege,  which  may  be  picked  up 
by  wiring  with  electrical  connections  thsva. 

2.  Diffusion  flux  coupling  products  voltages  in  wire 
loope  which  are  interior  to  e  graphite/epoxy  fueelage. 

3.  Aparture  flux  coupling  induces  voltAgea  in  wire  loope 
in  the  usual  way  (directly  from  the  external  field 
via  Faraday ' s  law) . 

Mechanisms  1  and  2  comprise  resistiva/dif fusion  coupling 
machtnitms  which  pass  the  external  field  through  imperfect 
conductor*,  such  as  graphite/ epoxy .  Caee  1  is  due  to  ths 
large  skin  depth  of  graphite/epoxy,  while  Case  2  is,  in 
addition,  due  to  fluxaa  produced  during  current  redistri¬ 
bution  to  fuselage  regions  of  lower  resistance.  (Sub¬ 
sections  S.2  end  S.3.) 
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Resistive/ diffusion  coupling  produces  voltages  propor¬ 
tional  to  the  driving  point  waveform  (Corollary  1, 
Subsection  5.3.1),  while  aperture  coupled  voltages 
(which  are  relatively  independent  of  fuselage  resis¬ 
tivity)  produce,  as  expected,  voltages  proportional 
to  the  injected  current  di/dt.  (Subsection  5.7.) 

Resistive/diffusion  coupled  voltages  are  LF  signals 
(b  low  1  MHz;  see  Figure  5-3)  and  will  impact  only 
those  circuits  which  form  significant  loop  areas 
and/or  have  multiple  airframe  reference  points. 

High  frequency  effects  (above  1  MHz)  are  primarily 
aperture  dominated  (Figure  5-3).  However,  due  to 
the  short  diffusion  time  through  graphite/epoxy,  HF 
affects  can  appear  lnsida  a  fuselage  and  be  distributed 
by  the  E-field  developed  along  the  grephlte/epoxy  shell 
Interior  surfaces. 

The  fuselage  raeponsa  (an  HF  longitudinal  resonance) 
behaves  in  a  manner  predictable  from  transmission  line 
theory  end  is  independent  of  fuselage  materiel 
(Section  2) . 

The  IK  voltages  appearing  inside  the  fuselage  will  be 
approximately  3  x  103  higher  than  they  would  be  in  an 
aluminum  fuselage.  (Subsection  3.2.) 

Induced  effects  due  to  diffusion  flux  can  never  be 
higher  than  the  highest  Jp  voltage  which  exists  along 
the  interior  surface  of  the  fuselage.  (Corollary  3, 
Subsection  5.3.1.) 

Linear  scaling  of  induced  effects  in  a  graphite/epoxy 
fuselage  is  not  always  permissible.  If  system  response 
information  la  desired  at  high  levels  of  I  and  di/dt, 
testing  must  be  done  at  high  levels  to  determine  if 
nonlinear  conditions  exist.  Once  appropriate  scaling 
factors  are  determined,  reslstlve/diffusion  voltages 
scale  by  I  and  aperture  voltages  scale  by  di/dt. 
(Section  2.) 


SECTION  2 


LIGHTNING  SIMULATION  AND  INDUCED  VOLTAGE  MEASUREMENT  TECHNIQUES 
2.1  NATURAL  LIGHTNING  AND  FUSELAGE  RESPONSE 

It  has  been  estimated  that  approximately  75  percent  of  all  natural 
lightning  strikes  to  the  F-16  will  initially  attach  in  the  nose  radome  area 
and  then  be  conducted  through  the  total  length  of  the  forward  fuselage,  exit¬ 
ing  toward  the  aft  end  of  the  aircraft  in  a  return  stroke.  Other  possible 
fuselage  attachment  locations  would  result  in  the  lightning  strike  being 
swept  back  from  the  primary  attachment  point,  a  condition  of  more  interest  to 
studies  of  structural  damage  than  of  induced  voltaga.  In  general,  the  worst 
case  for  induced  voltages  would  occur  during  the  return  stroke  of  a  lightning 
strike,  when  the  current  peak  amplitude  and  di/dt  would  be  largest.  Values  of 
140  kA  and  100  kA/ys,  respectively,  have  been  observed  in  nature  and  corre¬ 
spond  to  strikes  whoa*  values  would  be  exceeded  only  2  percent  of  the  time  - 
a  2  percent  severity  level. 

In  addition  to  the  basic  waveform  of  the  current  pulse  itself,  light¬ 
ning  produces  additional  spatial  variations  in  the  fuselage  surface  current 
and,  at  high  frequency,  standing  waves. 

A  circumferential  redistribution  of  current  around  a  graphite/epoxy 
fuselage  (to  regions  of  lower  resistance,  such  as  metal) ,  occurs  with  LF  com¬ 
ponents  of  the  pulae  (Subsection  5.3).  In  an  all-metal  fuselage,  the  current 
would  be  inductively  (rather  than  resistively)  shared,  with  the  current  a  skin 
effect  only. 

The  KF  (above  1  MHz)  current  distribution  has  the  samo  circumferential 
variation  as  the  LF  case,  but  in  addition  provides  a  longitudinal  variation, 
since  the  HF  currents  are  associated  with  standing  waves  on  the  fuselage  excited 
by  lightning  transients.  Due  to  the  impedance  mismatch  between  the  lightning 
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»rc  channel  (radius  ~  0,5  am)  and  the  aircraft  (radius  -  0.5  -  1.5  m)  at  each 
of  tha  two  attachment  points,  the  standing  waves  should  have  a  current  node  at 
each  end  of  tha  aircraft,  with  frequencies  given  by 

fn  "  f  "  II  “  n  fi  **  (1) 

where: 

O 

c  -  speed  of  EM  waves  «*  3  x  1C  m/s 
X  *  wavelength  of  standing  wave 
i  -  total  aircraft  length  in  meters 
n  •  an  integer  corresponding  to  the  mode 

Thus  for  an  11  m  aircraft  length,  ^  -  14  MHz  (a  half-wave  resonance).  The 
aircraft  standing  wave  pattern  is  further  complicated  by  wing  oodeB  and  fuse- 
lage/wing  modes. 

2.2  SIMULATION  AND  MEASUREMENT  TECHNIQUES 

The  circumferential  current  distribution  of  the  graphite/epoxy  for¬ 
ward  fuselage  test  article  should  accurately  portray  actual  graphite/epoxy 
full  fuselage  response,  except  in  the  region  of  the  inlet  (absent  in  the  test 
article),  which  starts  at  Station  161  and  runs  aft  (Figure  1-2  -  station  num¬ 
bers  are  in  inches). 

As  for  the  HF  longitudinal  resonances,  we  note  that  the  test  article 
is  slightly  less  than  half  the  length  of  the  full  F-16  fuselage  (Figure  1-2) . 
With  the  current  return  conductor  attached  at  Station  277  and  the  impedance 
mismatch  between  the  capacitor  bank  and  Station  60,  the  principal  resonance 
has  a  node  at  the  forward  end  And  a  current  maximum  at  the  aft  end  (a  quarter 
wave  resonance) .  The  standing  wave  frequencies  may  be  obtained  from  Equation  1, 
except  that  the  even  modes  (corresponding  to  a  node  at  Station  277)  will  be 
absent.  The  predominant  HF  contributions  to  the  exterior  surface  current 
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waveforms  (proportional  to  the  flux  density,  B,  measured  with  small  loopa  near 
that  surface)  were  observed  to  have  frequencies  of  14  MHz  and  46  MHs,  respec¬ 
tively  ,  roughly  corresponding  to  first-  and  third-order  full  fuselage  resonances. 
The  test  loops  also  indicated  highest  maximum  current  toward  the  aft  end  and 
lowest  maximum  current  toward  the  forward  end,  thus  validating  the  standing 
wave  model. 

In  the  simulation  of  basic  lightning  waveform  parameters,  the  test 
circuit  itself  (Subsection  1.1)  may  be  viewed  as  a  waveform  generator  in  the 
form  of  a  simple  RLC  aeries  circuit  (Subsection  5.1).,  The  impulse  generator 
is  built  around  a  4  yF,  50  kV  capacitor,  which  is  capable  of  accepting  a  charg¬ 
ing  voltage  eufficlent  to  produce  approximately  30  kA  peak  with  a  20'  kA/ys 
rata  of  rise.  A  typical  teat  pulse  had  parameters  of  20  kA  and  17.1  kA/ys. 

Since  tha  test  waveform  does  not  achieve  the  severity  levels  speci¬ 
fied  from  natural  lightning  (Section  2.1),  all  inducsd  voltage  measurements 
must  b«  seeled  to  reflect  the  response  to  actual  conditions.  Scaling  param- 
etsrs  ware  chosen  from  those  Involved  in  the  two  main  coupling  mechanisms , 
aperture  and  resistive/diffusion  coupling.  Aperture  and  other  direct  coupling 
processes  produce  voltages  proportional  to  the  rate  of  change  of  fields  - 
dB/dt  and  dE/dt  (both  proportional  to  di/dt) ,  while  resistive/diffusion  coupled 
voltages  are  proportional  to  the  current  itself  (Corollary  1,  Subsection  5.3.1). 

Initially,  each  scaling  factor  was'  assumed  to  be  a  linear  extrapola¬ 
tion  from  a  20  kA  -  17.1  kA/ys  current  waveform  to  a  200  kA  -  100  kA/ys  savers 
lightning  strike  (a  0.5  percent  severity  level).  W«  have,  from  the  correspond¬ 
ing  ratios, 

Currant  (I)  3caling  Factor  ■ 

Currant  Rata  of  Rise  (di/dt)  Scaling  Factor  «  'fTSr^A^yg 

-  5.85:1  (2) 
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IR  voltage  pickup  testa,  using  currant  waveforms  with  dlffarant 
paak  I  and  di/dt  values,  verified  linearity  of  X  scaling  up  to  about  5Q  kA, 
but  loop  taste  In  tha  cockpit  (apartura  dominated)  araa  showad  a  breakdown  in 
llnaarlty  of  dl/dt  scaling  to  a  72.9  kA  -  19. A  kA/'ys  pulsa  (possibly  dua  to 
arcing  along  tha  Joints  of  tha  metal  canopy  intarfaca) .  For  tha  cockpit,  tha 
dl/dt  scaling  factor  was  takan  to  be  10.5:1  to  reflact  tha  incraasad  scaling 
of  lnducad  voltagae  for  this  high  level  pulse. 

All  measurements  vara  made  using  an  oscilloscope  (CRO) ,  Tektronix 
Model  7633  with  a  7A13  differential  preamplifier.  Tha  CRO  inputs  ware  pro¬ 
vided  by  a  coaxial  (RG-58  or  RG-22  cable)  or  fiber  optic  interface  (Marat  Inc., 
Part  Number  MDL238) ,  with  tha  latter  being  used  when  the  coaxial  setup  signal - 
to-nolse  ratio  was  too  low.  Fuselage  interior  surface  XR  voltages  ware  measured 
with  RG-22  (twisted,  shielded  pair)  attached  to  the  interior  surface  at  two 
longitudinally  spaced  sensing  points.  Flux  measurements  (both  diffusion  and 
external)  were  made  with  loops  of  24  AWG  copper  wire,  connected  to  RG-58  cable. 
Tha  primary  currant  pulse  was  measured  using  a  Pearson  Model  1080  transformer 
connected  around  Station  277  (between  the  forward  fuselage  and  the  return 
conductors) . 


SECTION  3 


COMPARISON  OF  PREDICTED  AND  MEASURED  RESULTS 


To  make  the  test  results  as  general  as  possible,  and  to  clarify  the 
relationship  between  theory  and  experiment,  the  principal  characteristics  of 
the  graphite/ epoxy  test  article  (a  complex  structure  comprising  graphite/epoxy, 
metal,  and  nonconductors)  had  to  be  determined  (Figure  1-2).  To  aid  this  pro¬ 
cess,  the  forward  fuselage  was  tested  at  three  typical  sections  each  with  an 
overall,  relatively  uniform,  electrical  character: 

1.  Forward  Equipment  Bay  (FEB),  Stations  60-98.  Fully 
enclosed,  mainly  graphite/apoxy  with  four  thickened 
up  longerons,  but  little  metal,  and  with  two  remov¬ 
able  graphlte/epoxy  doors,  one  with  a  small  Kevlar 
access  panel  in  it  (mostly  6-ply  graphite/epoxy) . 

2.  Cockpit,  Stations  98-168.  Large,  aperture  dominated 
section  with  mainly  graphite/ epoxy  walls  and  floor, 
two  thickaned  up  longerons,  and  two  dissimilar  front 
atrake  sections  (thermoplastic  resin  8-ply,  right; 
regular  resin  16-ply,  left).  Cockpit  floor  between 
the  longerons  is  10-ply  increasing  to  14-ply  toward 
tha  back.  Abova  the  longerons  to  the  waist  joint  is 
10-ply,  changing  to  6-ply  up  to  the  metal  canopy  sill, 
except  at  tha  left  side  rear  (adjacent  to  the  gun 
muzzle),  where  it  is  10-ply.  There  is  also  a  metal 
right-hand  equipment  console. 

3.  Upper  Central  and  Right-Hand  Aft  Beys,  Stations 
227-253.  This  section  has  a  lot  of  metal  in  tha 
atrakas,  tha  rear  transverse  bulkhead,  and  fore  and 
aft  panels,  The  graphite/epoxy  bay  doors  are  secured 
to  all-matal  substructure.  The  right-hand  side  panel 
has  metal  inserts  for  the  screw  heads.  Upper  (ammo 
handling)  bay  cover  panel  ia  10-ply  graphite/epoxy, 
right-hand  strake  bay  is  6-ply  graphite/apoxy. 

Thtae  sections  ware  then  instrumented  with  IR  sensing  wires  (usually 
separated  the  length  of  the  section)  and  loops  (Figure  3-1)  to  measure  voltage 
pickup  and  variation  with  Interior  position.  In  addition,  the  loop  voltage 
waveforms  themselves  were  examined  to  determine  the  dominant  flux  coupling 
mode  in  that  section  (Figures  5-2  and  5-8,  Subsection  5.3.2). 
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Calculations  of  predicted  voltage  pickup  wars  mad*  using  msthods 
discusssd  in  Subssctiona  5.4  through  5.7.  Input  rsqulrsd  includss  driving 
point  psak  currant  and  di/dt,  fuaslagt  cross-ssctional  shaps  (Including  loca¬ 
tion  of  highly  conducting  ragions) ,  (an  af factiva  conductivity  for  tha 
graphita/apoxy  fusalaga) ,  h  (surface  thickness,  usually  obtained  from  tha  num- 
bar  of  graphita/apoxy  plies),  2.  (IR  sensing  wire  spacing),  and  flux  loop  dimen¬ 
sions,  location,  and  orientation. 

Tha  comparison  of  measured  and  calculated  IR  voltages  is  shown  in 
Figure  3-2.  For  the  data  displayed,  sensing  wire  lengths  were  38  in.  (FEB), 

38  in.  (cockpit,  except  possibly  30  inches  at  tha  straka) ,  27  in.  (upper  aft 
bay),  and  22  in.  (aft  right  hand  straka  bay).  Kota  that  tha  calculated  volt¬ 
ages  at  Station  75  (FEB),  correspond  to  surface  currant  densities  (Subsection 
5.5)  calculated  from  tha  POTEKT  computer  program  (Subsection  5.4)  and  dleplayed 
in  Figure  5-9(e,),  In  addition,  tha  resulting  calculated  voltages  In  Figure 
5-9 (c)  contain  thoaa  in  Figure  3-2  aa  a  subset.  (Apparently,  calculated  volt¬ 
ages  for  wires  1  through  5  have  bean  shifted  up  one  in  Figure  3-2;  l.a.,  470V 
[calculated)  should  correspond  to  440V  [measured)  -  compare  Figure  5-9(c)>) 

loop  voltage  comparisons  (calculated  versus  measured)  are  displayed 
in  Table  3-1  (expanded  from  tables  in  the  General  Dynamics  report)  (Subsec¬ 
tions  5.6  and  3.7).  In  tha  upper  aft  bay,  a  variation  of  tha  diffusion  flux 
calculation  method  (Subsection  5.6)  used  measured  (instead  of  calculated)  IR 
voltagea  aa  input.  . 

For  tha  FEB,  comparison  of  the  IR  voltages  in  Figure  3-2  shows  con¬ 
sistent  agreement.  The  predictions  are  within  10  percent  of  the  measured 
values,  confirming  the  choice  of  s  low  value  for  the  effective  resistivity 
of  YF-16  graphita/apoxy  panels  (Subsection  5.5). 

In  tha  cockpit,  becauae  of  tha  complex  goomstry,  Including  different 
graphlts/spoxy  thicknesses,  the  predictions  wars  not  expected  to  be  as  reliable 
as  in  the  FEB.  Tha  floor  had  tha  simplest  geometry  and  gave  the  beat  results. 
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Figure  3-2,  Comparison  of  Maaaured  and  Calculated  IR  Voltages 
on  Graphite/Epoxy  Interior  Surface 


Table  3-1.  Comparison  of  Measured  and  Calculated  Loop  Voltages 


At  the  "waist"  l«v«l  inalde,  tha  data  lndicata  that  tha  * trait* ■  do  not  con- 
trlbuta  much  to  fuselage  conductivity  (tha  calculated  voltage  la  much  lower 
than  either  measured  voltage),  perhaps  because  of  Inadequate  electrical  bonding. 
(Mechanical  bonding  strength  Is  not  being  questioned.) 

The  aft  baya  have  a  simpler  geometry,  except  for  the  metal  boundary 
on  the  upper  panel  around  Its  entire  periphery.  In  Figure  3-2,  tha  upper  bay 
voltages  are  all  higher  end  the  right-hand  bay  voltage  lower  than  the  calcu¬ 
lated  values.  Possibly  the  "end  effect"  of  tha  test  rig,  due  to  the  return 
conductors  and  the  aluminum  extension  box,  tended  to  increase  the  current  cen¬ 
trally  at  the  expense  of  current  in  the  etrakes.  Tha  predicted  118V  at  1.3  in. 
from  tha  metal  atraka  la  in  any  caaa  not  reasonable  since  current  flow  in  the 
metal  alongaida  influence*  and  raducaa  graphite/ epoxy  currant.  Further,  addi¬ 
tional  tqeaauramanta  have  shown  that  the  joint  voltage  (ee  a  percentage  of  the 
total  panel  voltage)  1*  twice  ea  graat  in  tha  upper  bay  graphita/ epoxy  panal 
as  in  the  aids  panal,  which  haa  metal  inserts  in  tha  graphite/ epoxy  for  the 
screw  heads. 

The  loop  voltage  comparison*  (Table  3-1)  show  sxcsllent  agreement 
for  the  FEB  and  aft  baya,  where  diffusion  flux  coupling  was  assumed  for  the 
calculation,  and  good  agreement  for  the  cockpit,  where  aperture  coupling  wae 
assumed.  This  validate*  the  assumption  that  aperture  flux  in  e  graphite/epoxy 
cockpit  can  b#  predicted  as  if  tha  cockpit  ware  metal. 

From  the  measured  waveform*  it  we*  verified  that  all  voltages  pre¬ 
dicted  to  be  generated  by  reeistive/diffusion  coupling  (including  the  measure¬ 
ments  in  the  FEB,  aft  baya,  and  cockpit  IB  testa)  did  in  fact  hava  voltages 
generally  aimilar  to  tha  current  pulse  (Subsection*  5.2  and  5.3.2).  All  mea¬ 
sured  aperture  flux  voltages  in  the  cockpit  had  the  characteristic  di/dt  wsvs 
shape  (Figure  5-2) ,  with  a  feet  rise  to  peak  voltage  at  t  -  0+  and  a  zero 
crossing  at  approximately  3  U*.  Tha  zero  crossing  in  one  loop  near  the  graphite/ 
epoxy  floor  occurred  early  because  an  additional  diffusion  flux  inducad  volt¬ 
age  (Figure  5-8)  subtracted  from  the  aperture  flux  voltage. 


SECTION  4 


ADDITIONAL  MEASUREMENTS 

In  Addition  to  the  data  of  Section  3.  measurements  were  taken  which 
can  ba  grouped  into  four  catagoriea:  magnetic  flux  density  meaeurementa 
(including  effects  of  email  apertures),  effacts  of  additional  metal  etraps  on 
raaiatlva/diffualon  voltagea,  coaxial  cable  and  ahielded  twiated  pair  voltage 
pickup  (including  capacitive  coupling  affects),  and  "electronics  powered 
up"  teats. 

The  average  magnetic  flux  density  (B) 

A)  can  be  calculated  by  integrating  the  induced 
Ampere 'a  law  to  obtain 

rT 

B  *  X  I  Vdt 

*0 

Thus  flux  denalty  waveforms  are  eaelly  obtained  from  digitized  induced  voltage 
waveforms.  However,  there  appears  to  be  some  confusion  in  the  General  Dynamics 
report  over  the  flux  denalty  scaling  to  higher  driving  point  waveform  levels. 
Flux  Induced  voltagea  should  scale  es  I  in  the  FEB  and  aft  bay  (diffusion  flux), 
and  as  di/dt  in  the  cockpit  (aperture  flux) .  But  flux  densities  were  scaled 
by  10  in  the  FEB  (1  scaling),  5.85  in  the  aft  bay  (di/dt  scaling),  and  10.5  In 
the  cockpit  (di/dt  scaling) . 

Flux  density  measurements  were  made  around  a  4.5  in.  x  3.25  in.  ac¬ 
cess  port  in  the  left-hand  side  of  the  forward  bay.  From  the  voltage  waveform 

shapes  («I  or  di/dt)  it  was  determined  that  external  or  aperture-type  fields 

-3  2 

penetrated  to  about  2  inches  into  the  bay  (going  from  5.9  x  10  W/m  just 
outside  the  aperture  to  2.6  x  10  W/m  at  the  same  level  4.5  in.  within  the 
aperture).  .Also,  the  peak  flux  density  calculated  just  outside  the  eperture 
position,  for  ths  same  fusslsge  but  without  the  eperture,  yielded  s  value  of 


et  time  T  et  a  wlra  loop  (area 
voltage  waveform  (V)  in 


W/m 


(1) 
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10.5  x  10  W/m,  About  tvlcA  that  measured  with  thA  apsrtura.  ThtM  qualita- 
tivA  results  era  idontlcAl  with  thoAA  txpACtAd  from  an  Aparturi  in  a  matal 
fuselage,  axcapc  chat  tha  coBpoaita  fusalaga  will  contributa  a  alight  addi¬ 
tional  f fusion  flux  component. 

Elsewhere  In  the  forward  fuselage,  flux  denaitiea  ware  also  measured. 

-4  2 

In  the  cockpit  a  peak  of  6  x  10  W/a  was  obaarved,  while  in  the  aft  bay  the 
value  was  31.2  x  10~^  W/a  (in  the  aft  left-hand  straka  bay).  Juat  outside  the 
aft  left-hand  straka  bay  the  peak  flux  density  vaa  49.1  x  10-^  W/m2. 

To  analyse  tha  effects  of  additional  metal  straps  on  resistive/ 
diffusion  voltages,  the  forward  bay  was  instrumented  as  in  Figure  3-1.  Mea¬ 
surements  ware  then  taken  with  various  metal  straps  (copper  wire  or  aluminum 
strip,  described  in  Table  4-1)  routed  along  IR  wire  3  and  connected  to  tha 
matal  ring  fuaalaga  members  at  Stations  60  and  98. 

Table  4-1.  Matal  Strapa/Rasistpnce  and  Symbols  for  Graphs 


Symbol 

A 

X 

O 

O 


Matal  Strap  Size 


No  strap 

38  in.  x  24  AWG  wire  (Cu) 

38  In.  x  1  in.  x  0.6  mil  atrip 

38  in.  x  1  In.  x  25  mil  strip 

38  in.  x  2  in.  x  25  mil  strip 


Rsslstancs  (mft) 
N/A 
81 
65 
1.6 


0.8 


The  results  of  the  measurements  are  shown  In  Figure*  4-1  and  4-2. 
Note  that  the  dashed  ilnas  in  Figure  4-1  are  an  estimate  of  the  actual  voltage 
variation.  IR  wire  spacing  was  about  3  In.,  Indicating  the  substantial  local¬ 
ised  Influence  of  grounding  straps.  The  flux  density  data  (Figure  4-1)  show 
that,  although  a  grounding  strap  decreases  the  voltage  pickup  on  an  adjacent 
IR  wire,  the  strap  increases  the  flux  through  nearby  loops.  (WARNING  -  the 
scaled  values  for  flux  density  are  suspect  -  see  p.  4-1.)  Finally,  note  that 
the  top  curve  (no  strap)  of  Figure  4-1  provides  measured  IR  data  for  Station 
75  in  Figure  3-2. 

Teats  to  dstsrmine  tha  details  of  currant  pickup  in  coaxial  cablas 
ware  performed  in  tha  forward  bay.  A  taet  line  (coax  with  shield  [type  RG-58] 
or  without  shield  (simulated  by  24  AWG  wire])  was  routed  along  tha  bottom  left 
flange  (22-ply  graphite/apoxy)  in  the  FEB  (Figure  3-1).  The  teat  circuit  con¬ 
sisted  of  tha  line  (loaded  fore  and  aft  with  loads  F„L  and  ,  respectively) 
connected  (at  Stations  60  and  98)  in  parallel  with  the  flange  (resistance 
Rj.  <<  R,  +  R-) .  The  line  currant  wa*  determined  from  voltage  waveforms  ob- 
sarvsd  across  the  diagnostic  resistance  (R^)  and  was  expressed  as  Vq/R^,  where 
VQ  is  the  voltage  peak  (Table  4-2). 

Three  basic  coupling  mechanisms  were  theorized  to  product  contribu¬ 
tions  to  the  lins  current  -  an  injected  diffusion  current  (due  to  the  IR  volt¬ 
age  down  the  flange),  e  diffusion  flux  current  (due  to  the  voltage  induced  in 
the  loop  formed  between  the  line  end  flange) ,  and  a  current  due  to  the  dis¬ 
tributed  capacitance  between  tha  line  and  flange.  Since  the  diffusion  flux 
wee  effectively  shielded  by  tha  coax  shield,  it  was  not  examined,  although 
it  would  affect  the  bare  wire  testa.  The  analysis  of  tsst  results,  therefore, 
focused  on  the  effect  of  distributed  capacitance. 

The  voltage  source  for  the  distributed  capacitance  la  the  IR  voltage 
(V)  down  tha  flange,  so  the  line  current  component  (Ic)  due  to  this  coupling 
mechanism  should  have  a  dV/dt  waveform.  Since  V  is  a  driving  point  currant 
(I)  type  waveform,  1^  should  therefore  be  e  di/dt  type  waveform  which  will 
contain  higher  frequencies  than  the  line  current  IR  component  (Figure  5-3) . 


Strap  in  the  Forward  Bay 


Point  Markers  are  daacribtd  in  Table  4-1 


FLUX  DENSITY 
(lO'2  Websri/m2 


Figure  4-2. 


LOOP  NUMBER 


Flux  Density  Calculations  from  Three  (2x4  inch) 
Loops  Near  a  Grounding  Strap  in  the  Forward  Bay 
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The  waveformn  observed  in  Testa  1  through  6  were  driving  current- 
type  waveforms,  with  KF  components  much  lower  then  LF  components*  For  open, 
however,  Testa  7  and  8  produced  a  dV/dt  (i.e.,  di/dt)  waveform  (and  greater 
HF  components)  indicating  capacitive  coupling.  This  was  to  be  expected,  since 
opening  should  maximize  the  capacitance  between  line  and  flange.  The  peak 
line  current  was  also  independent  of  the  value  of  in  Tests  7  and  8  (also 
to  be  expected)  end  was  totally  dua  to  capacitive  coupling.  Noto  that  the 
coaxial  cable  shield  reduces  the  capacitlva  coupling  to  a  negligible  amount 
in  Teat  9.  In  any  case,  the  maximum  HF  voltage  observed  across  had  a  value 
lass  than  0.1V  (46  MHz),  indicating  minimal  HF  problem  for  coaxial  cables. 

Tssts  on  ohielded/unshielded  twisted  pairs  with  100&  loading  at  each 
end  were  primarily  conducted  in  the  forward  bay.  Initial  testing  with  the 
RG-22  cable  Instrumentation  indicated  the  measured  signals  ware  mostly  due 
to  spurious  noise  and  loop  pickup  at  the  twisted  pair  interface.  Switching  to 
the  fiber  optic  systam  (Subaection  2.2)  yielded  voltages  across  the  instrumen¬ 
tation  load  of  lees  than  IV  peak.  However,  it  was  found  that  a  majority  of 
this  data  could  be  accounted  for  by  diffusion  flux  coupling  through  the  single 
loop  formed  between  the  twisted  pair  and  the  instrumentation  Interface. 

From  the  unshielded  twisted  pair  data,  it  was  adduced  that  little 
actual  LF  pickup  occurred  in  the  line  (excluding  spurious  pickup  at  the  ends). 
Capacitive  coupling  was  assumed  to  account  for  the  HF  pickup. 

For  the  shielded/ twisted  pair,  the  most  representative  data  was 
obtained  during  aircraft  system  testing.  Actual  F-lll  vintage  avionic  equip¬ 
ment  was  installed  in  the  graphite/ epoxy  forward  fuselage  and  systam  reaction 
was  observed  while  the  generator  current  was  incrementally  Increased  to  125  kA. 
Included  in  the  ayetem  was  a  multiplex  (MUX)  digital  data  system  with  transmitter/ 
receiver  boxes  placed  in  the  FEB  and  aft  section.  The  Interconnecting  MUX  bus 
line  was  a  shielded/ twiated  pair  as  used  on  F-16  aircraft,  which  produced  a 
closed-loop  system. 
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Fiber  optic  diagnostics  ware  connected  across  ths  twisted  pair  in 
the  FEB  MUX  box  with  measurements  taken  on  both  sides  of  a  line  isolation 
transformer.  A  voltage  waveform  was  measured  across  an  equivalent  36fi  series 
resistance  on  the  primary  side  of  the  transformer!  and  showed  diffusion  flux 
coupling  with  a  predominant  4  MHz  component.  This  component  would  correspond 
to  a  peak  of  *.2V  when  scaled  to  a  200  kA  driving  point  current  level,  but  this 
should  not  produce  circuit  damage  in  data  systems,  which  normally  operate  at 
112V  maximum.  At  worst,  an  error  bit  might  be  injected,  but  continuous  system 
recycling  would  preclude  any  resulting  hazard.  A  20  kA  level  produced  only 
live  intermittent  errors  in  an  external  bit  comparator,  out  of  33  ohots  to  ths 
fuselage.  Finally,  a  post-teat  functional  check  showed  that  current  levels  up 
to  123  kA  did  not  demsge  the  MUX  syetem. 


SECTION  5 


DRIVING  POINT  WAVEFORM  AND  INDUCED  VOLTAGE  MECHANISMS 
THEORY  AND  PREDICTION 

5.1  DRIVING  POINT  WAVEFORM 


The  total  tat; c  circuit,  including  capacitor  discharge  pulaa  generator, 
forward  fuselage  teat  article,  and  return  conductor,  can  be  modeled  (for  low 
frequencies)  by  a  simple  RLC  eeriee  circuit  (Figure  5-1).  The  system  Input  is 
a  voltage  step  (magnitude  V0),  and  the  output  is  the  driving  point  waveform 
i(t).,  From  Klrchhoff's  laws,  the  differential  equation  for  the  system  is: 


d2i  ,  dl  ,  ,,2,  , ,2  %  iv 

— r  +  2Y“o  dt  +  V  ■  “o  dT 


where  v(t)  Is  the  input  voltage  waveform,  and 


fo  ■  the  natural  frequency 


Cfl  -  Bank  capacitance 

L0  ■  Total  series  inductance  of 
bank,  load  assembly,, 
resistor,  etc. 

Rq  ■  Total  effective  series 

resistance 


Figure  5-1.  Lightning  Generator  Equivalent  Circuit 


Tha  solution  of  Equation  1  fot  a  voltaga  atap  input  is  simply*: 


i(t)  •  (A/wd)  a"bt  ainh  *dt  (OVERDYED  for  Rq  >  Rc) 


■  (A/cud)  e“bt  sin  uidt 


(UNDERDAMPED  for  RQ  <  RQ) 


•  At  « 


-bt 


(CRITICALLY  DAMPED  for  RQ  -  Rc 


vhars : 


2  vn 

A  -  C  V  u>‘  - 

OOO  L 

0 


wd  "  “ 1  -  ju5d  ~ 


-  1 


b  «  yu 


0  2  L 


Note  that  we  may  also  write  tha  solution  in  the  form 


i(t)  -  B(e'at  -  e“et) 


where: 


B  ■ 


2w , 


-  b  -  Jw 


sions  shown  hold  for  t  >_  0. 


(3) 

) 


(4) 


(3) 


(6) 

expres- 
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Alto  note  chat  for  the  overdamped  solution  wa  have  0  <  ot  <  @  <  2b  (from  Equa¬ 
tion  6,  so  that  exp  (-at)  >  exp  (-30,  for  t  >  0,  and  i(t)  la  a  unipolar  pulse 
with  no  overshoot  (Figure  5-2a) . 


From  Equation  3  we  also  have 

3T  <o  -  a*  (f  •'6t  -  m 

which,  since  a  <  6,  starts  positive,  But  »i  t  +  #,  e  dominates,  so  that 
dl/dt  goes  to  zero  from  the  negative  direction  (Figure  5-2b) .  (The  details  of 
aperture  coupling  are  discussed  in  Subsection  5.7.) 


The  spectral  densities  of  the  overdampad  1  and  di/dt  (calculated  aB 
the  absolute  square  of  the  Fourier  transform)  are  shown  in  log-log  scale  in 
Figure  5-3.  The  40  dB/decade  attenuation  is  a  direct  result  of  the  system 
behavior  as  a  second-order  low-pass  linear  filter. 


•t(w> 


law \2 


_ 1 _ 

(u)2  +  a2)(w2  +  32) 


A  -4 

— x  a)  (as  a)  +  oo) 

4iT 


(8) 


u>2  |t3T(i)  |2 


A  -2 

— x  w  (as  0)  •) 

4tt 


Using  the  preceding  equations,  we  can  calculate  various  waveform 
parameters.  The  maximum  current  is 


I 


<A/Wo)ki 


(9) 
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where: 


(-bt  ) 

«p  ■“  >  i 


CM*  ’  ^  *rCt“h  <Vb> 


(OVERDAMPED) 


-  —  arctan  (wd/b) 
d 


(UNDERDAMPED) 


(CRITICALLY  DAMPED) 


Indapandently  of  Rq,  cha  maximum  rate  of  change  di/dt  is  given  by 


Given  the  valuta  of  the  first  five  parameters  for  a  typical  test 
waveform  in  Figure  5-4,  we  can  now  calculate  the  others.  (Exception  -  This 

reviewer  could  not  determine  how  the  "Action  Integral”  was  calculated.  In  fact, 

•  2 
action  haa  units  of  joule-seconds,  not  (ampere)  -seconds.)  The  calculated 

resistance  and  inductance  agree  closely  with  independent  test^circuit  measure¬ 
ments,  thus  validating  the  KLC  model  for  this  level  of  I  and  dl/dt. 

5.2  RESISTIVE/DIFFUSION  VOLTAGES  IN  HOMOGENEOUS  TUBES 

In  order  to  estimate  theoretically  the  effect  of  fuselage  material 
on  reeiative/dif fusion  voltages,  the  fuselage  was  modeled  by  a  long  cylindri¬ 
cal  tube,  diameter  D,  of  homogeneous  resistive  material,  resistivity  p,  end 
wall  thickness  h  («D) .  Assume  that  a  current  is  applied  to  this  tube  at  one 
end  and  hae  an  axtarnal  and  raroote  raturn  at  tha  other.  Then  the  following 
information  about  output  voltagee  VR  (measured  between  longitudinally  spaced 
points  on  tha  intarior  aurface  of  the  tube)  can  ba  found: 


Vertical:  4  kAmps/  Dlv. 
Horizontal:  5  usee/  Div. 


Vertical:  4  kAmpa/  Div. 
Horizontal:  1  usee/  Div. 


Capacitance 

Voltage 

Current  Maximum 
dl/dt  Maximum 
Peak  Time 
Natural  Frequency 
Charge  Transfer 
Action  Integral 
Total  Resistance 


-  4.0  up 

-  45  kV 

■  20  kAmps 

■  17.2  kAmps/usec 

-  3.2  usee 

-  49.2  kHz 

-  0.18  Coulombs 

-  2.4  x  10^  A^  sec 

“  1.67  Ohms 


Figure  5-4.  Driving  Point  Waveform  -  Overdamped 
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For  a  dc  Input  currant,  I,  by  Ohm' a  laws 


la. 

TTDh 


ZR 


V/o 


(13) 


whera  R  la  tha  dc  raalatanca  par  unit  length. 


For  a  step  function  pulaa,  magnitude  I,  it  can  ba  ahown  that 


/ 


v  (t)  m  ifi— 
VR',C  TTDh 


i +  2  E  <-»* «» (4r) 

n-1  V  M  ’ 


V/m 


(14) 


where] 


U0h 

rH  ■  “T“ 

TT  p 


<4tt  x  10^  n/A2)  h2  ^  .0,127  h2 

_2  p 

It  p 


(15) 


ia  th*  characteristic  diffusion  time  (tha  relative  permeability  of  the  material 

is  assumed  to  be  ■  1) ,  Now  the  bracketed  term  in  Equation  14  can  ba  summed 

numerically  and  graphed  as  a  function  of  t/T^.  From  this  graph  (Figure  5-5) 

it  can  be  seen  that  the  system  has  a  dead  time  (i.e.,  function  ■  0)  of  1/2  IM, 

and  a  10%  -  90%  rise  time  t  *  2.35 

r  m 


In  the  frequency  domain,  we  can  approximate  the  bandwidth  to  the 
-3  dB  point,  fc,  by  the  following  relation  (exact  for  the  unit  step  function 
responss  of  a  first-order  low-pass  linear  filter) : 


-  0.35 


0.35 
2,35  T 


-  iiiZfi 


Hz 


MHt 


(16) 


Where  the  lettsr  equalities  hold  for  the  present  system  and  u  "l. 
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Figure  5-5.  Graph  of  1  +  2  (-l)n  axp 

n-1 

Finally,  assuming  our  ayatam  to  ba  linaar  and  time  Invariant,  va 
note  that  tha  unit  atap  raaponaa  la  aimply  tha  tlma  integral  of  tha  unit 
impulse  raaponaa,  which  In  turn  daflnaa  tha  ayatam,  ao  that  onca  va  hava 
Equation  14,  wa  can  calculate  tha  ayatam  raaponaa  to  any  input. 


For  tha  unipolar  almulation  currant  pulaa  (Equation  5) ,  which  la 
input  to  tha  forward  fusalaga  teat  article,  it  la  a  straightforward  task 
to  ahow 


Ar««d  with  the  above  general  information  on  the  voltage  response  of 
the  tuba  to  various  inputs,  we  can  examine  in  detail  the  effect  of  different 
resistivities  for  aluminum  alloy  (p^  -Ax  l(f 8  0-m)  and  graphite/epoxy 
^Gr/Ep  "  x  10  ^  n-u).  Note  that  PGtyEp  takas  into  account  the  effect 
of  lower  resistance  strikes,  flanges,  etc.  in  the  YF-16  forward  fuselage  teat 
article.  Assume  h  *  2  mm.  From  Equation  15, 


Tm<A1>  -  12.7  ys 


TM(Gr/Ep)  -  12.7  ns  (18) 


Also,  using  Equation  6  and  data  from  Figure  5-4,  we  have 


0  <  a  <  0  <  2b  -  418  x  10“3  s'"1 


(19) 


So,  from  Equations  18  and  19, 


v  V 


5.31 


(aluminum) 


S.31  x  10  (graphito/apoxy) 


(20) 


We  can  see  from  Equations  17  and  20  that,  in  the  graphite/epoxy  case, 
all  terms  are  negligible,  and  we  are  left  with  (after  a  little  calculation) 


VR(t)  -  Ri(t) 


(Gr/Ep) 


(21) 


where  i(t)  la,  as  before,  the  driving  point  current  waveform  of  Equation  5. 

Unfortunately,  in  the  aluminum  case,  we  cannot  neglect  the  terms 
in  Equation  17.  However,  the  amplitude  of  VR  should  be  more  or  less  propor¬ 
tional  to  R,  while  the  peak  should  occur  at  later  times  for  larger 
Figure  5-6) . 


In  the  frequency  domain  (Figure  5-3),  we  have  from  Equations  16 


and  18 


f  (Al)  -  12  kHz 

C 


fc(Gr/Ep)  ■  12  MHz 


(22) 
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so  Cht  aluminum  tuba  severely  attenuates  all  components  of  tha  slmulatad 
lightning  pulaa  above  12  kHz,  while  the  graphite/epoxy  tuba  attenuates  only 
those  frequencies  abova  12  MHz  and  so  given  a  very  accurate  voltage  propor¬ 
tional  to  the  current  pulse  waveform  (compare  Equation  21  and  Figure  5-6) . 

5.3  RESISTIVE/DIFFUSION  VOLTAGES  IN  COMPLEX  ELECTRICAL  GEOMETRY 

Now  we  use  results  of  Subsection  5.2  to  examine  the  general  caBt  of 
a  cylinder  made  of  materials  with  two  different  resistivities ,  and  (Fig¬ 
ure  5-7).  The  analysis  centers  on  the  total  potential  drops  around  the  inter¬ 
ior  surface  paths  ABCD  and  ABC'D' .  If  the  narrow  center  strip  is  graphlte/epoxy 
and  the  remainder  aluminum  (i.e.,  p2  ■  1000  x  p^) ,  then  from  Equation  15, 

TM1  •  1000  x  Assuming  a  step  function  input  current ,  Equation  14  and 

tha  following  discussion  determine  three  important  regimes: 


1) 

c  <  T  TM2 

(dead-time  case) 

2) 

t  0° 

(dc  case) 

3) 

1  TM2  <  <  TM1 

(intermediate  case) 

(There  is  also  a  long  period  intermediate  case,  involving  currant  diffusion 
into  the  metal,  which  is  not  important  in  this  description.) 

In  Case  1,  all  potential  drops  are  zero,  because  the  time  is  within  the 
dead-time  for  both  materials.  While  in  the  dc  case,  ■  VDC  *  V^lr,  f  0  and 
the  two  closed-path  potential  drops  are  again  zero,  because  the  current  shar¬ 
ing  is  reslstively  controlled. 

In  the  intermediate  case  (which  commences  in  nanosecond  times  for 
graphite  and  extends  for  tens  of  microseconds,  typically),  current  redistribu¬ 
tion  occurs  (from  the  inductive  sharing  Case  1,  to  the  dc  Case  2)  and  the 
potential  drop  balance  around  the  closed  paths  ABCD  and  ABC'D'  must  be  rasin- 
tained  by  a  diffusion  flux  which  links  the  paths.  Hence,  by  Faraday's  law. 
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V  -  V 
AB  VDC 


d  *i 
dt 


(23) 


where  ^  la  tha  diffusion  flux. 


In  Case  3,  VDC  "  0,  because  the  system  is 


still  within  the  dead-time  for  aluminum,  and  the  diffusion  flux  must  enter  and 
leave  the  interior  through  the  graphite/epoxy,  thus  linking  both  paths  equally 
as  in  Figure  5-7 (b).  Thus,  the  diffusion  flux  appears  as  soon  as  departs 
from  aero  (l.e.,  from  V^).  (In  the  case  of  a  homogeneous  tube,  V A 
always,  so  by  Equation  23  there  is  no  diffusion  flux  offset.) 


AB 


DC 


Tha  pattern  of  tha  diffusion  flux  within  the  tube  is  quite  similar  to 
the  aperture  flux  which  would  occur  in  the  tuba  if  the  graphite/ epoxy  strip 
were  removed.  However,  this  diffusion  flux  is  not  related  in  time  to  the  exter 
nal  flux.  Even  so,  this  similarity  of  flux  pattarns  makas  it  possible  to  ealeu 
late  diffusion  flux  voltages  (see  Subsection  5.6).  Note  that  if  we  reverse  the 
resistivities  In  Figure  5-7 (b) ,  we  obtain  a  flux  pattern  reminiscent  of  that 
around  a  straight  current-carrying  wire. 

5.3.1  Induced  Voltage  Corollaries 

If  we  assume  that  Is  so  small  that  VQC  *  0  for  all  times,  then, 
from  Equation  23  and  noting  that  V ^  is  just  thB  resistively  produced  voltage 
in  the  graphite/epoxy  due  to  the  injected  current,  we  have: 


Corollary  1 

Diffusion  flux  voltages  have  the  same  form  and  spectrum 
es  the  dominant  resistive  voltage  within  an  enclosure 
(but  see  Subsection  5.3.2). 


Since  VDC  -  0,  but  "Vn„"  (through  the  path  DABC)  ■  i4  0, 


DC 


AB 


Corollary  2 

It  is  tha  circuit  route  which  determines  the  induced 
voltege,  not  the  reference  points  et  the  end. 
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Finally,  sines  diffusion  flux  patterns  are  geometrically  similar  to  those  pro¬ 
duced  by  apertures,  and  so  are  strongest  near  the  graphite/ epoxy  surface  (where 

d<frD/dt  -  vAB(t>), 

Corollary  3 

Diffusion  flux  induced  voltages  within  an  enclosure,  induced 
in  single  loops,  are  always  less  than  or,  in  the  limit,  equal 
to  the  largest  resistive  potential  drop  which  occurs  on  the 
surface  of  the  enclosure,  and  will  be  smaller  with  increasing 
distance  from  that  surface. 

5.3.2  Diffusion  Flux  Voltage  Waveform 

In  practice,  Corollary  1  holds  in  the  time  range  from  nanosecond  to 
microsecond  times.  For  a  typical  driving  point  waveform  (Figure  3-4),  this 
includes  most  of  the  unipolar  pulse,  Including  the  peek,  so  thet  comparison 
of  the  initial  shape  of  the  Induced  voltage  waveform  with  thet  of  the  driving 
point  waveform  should  be  able  to  distinguish  diffusion  flux  coupling  («I, 

Figure  5-8a)*  from  aperture  flux  coupling  («  di/dt,  Figure  5— 2b) .  A  key 
parameter  here  is  induced  voltage  zero  crossing  time,  which  is  equal  to  the 
driving  point  current  peak  time  for  a  di/dt  waveform,  but  is  much  earlier 
(first  crossover,  Figure  5-8a)  or  much  later  (second  crossover)  for  a  diffu¬ 
sion  flux  voltage.  The  second  crossover  and  resultant  bipolar  pulse  ere  nac- 
esaary,  even  in  diffusion  flux  coupling,  to  conserve  total  flux.  Because  of 
this  distinction,  the  low  frequency  component  of  the  diffusion  flux  spectrum 
(Figure  5-8b)  will  be  somewhat  degraded  from  that  of  the  driving  point  wave¬ 
form  (Figure  5-3),  although  the  12  dB/octave  falloff  is  evident. 


Figure  5-8a  comes  from  a  loop  in  the  central  aft  bay  while  Figure  5-8b  is  the 
Fourier  transform  of  a  digitized  forward  bay  waveform.  However,  Figure  5-8 
still  gives  the  general  character  of  diffusion  coupled  voltage  waveforms  and 
spectra.  (The  high  frequency  "hash"  in  Figure  5-8b  is  due  to  digitizer  limi¬ 
tations  end  was  therefore  fit  with  a  straight  line.) 
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LOOP  VDLTflBC  PLOT 
VCftTi  2-0BC+ED  V/PIV 

HORZi  S.BQC-BG  B/PIV 


orm 


12  dl/Octava 


5.4  POTENT  COMPUTER  PROGRAM 

All  eh«  voltage  pickup  predictions  in  the  report  start  with  output 

from  the  POTENT  program.  POTENT  solves  Laplace's  equation  in  tvo  dimensions, 

taking  as  input  the  shape  of  the  cross  section  of  an  arbitrary  cylinder,  which 

la  assumed  to  be  an  equipotantisl  surface.  Calculations  are  performed  on  a 

50  x  50  mesh,  with  variable  mesh  spacing  to  Improve  accuracy  in  regions  of 

high  curvature.  For  the  magnetic  case,  tabulations  at  each  mesh  point  pro-* 

vide. values  of  magnetic  flux,  H  ,  H  ,  and  | H | .  Data  can  be  processed  by  a  graph 

x  y 

plotting  routine  to  produce  mappings  of  magnetic  flux  contours  (field  lines) 
and  | H | ,  as  used  In  the  report.  The  input  surface  is  the  whole  fuselage  cross- 
section  for  surface  current,  exterior  flux,  and  aperture  flux  calculations,  but 
consists  of  only  tfts  high-current  regions  for  diffusion  flux  calculations 
(Figure  5-9). 


5.5  SURFACE  IR  VOLTAGES 

'  In  fuselage  regions  without  apertures,  (a.g.,  the  forward  equipment 
bay  [FEB]),  reslstlvaly  produced  voltages,  which  may  be  observed  between  longi¬ 
tudinally  spaced  sensing  wires  on  the  Interior  surface  of  the  aircraft  skin 
are  predicted  as  follows: 


1.  The  exterior  surface  current  density,  J.(i.e.,  current 
per  unit  width  for  longitudinal  currant) ,  is  obtained 
from. the  POTENT  values  for  | H [  at  that  surface.  Since 
(Hx,  Hy)  must  be  tangent  to  the  surface  (an  equipoten- 

tial),  wa  have  J  ■  |h|.  (Figure  5-9e.) 

2.  From  Ohm's  law  applied  to  a  reaiatlve  cylinder, 


where  1  is  the  diatance  over  which  the  voltage  le  mea¬ 
sured,  h  is  the  thickness  of  the  fuselage  at  that 
croes  aection  (h  «  cross  ssctlonal  dimensions)  and 

psff  "  37^°  x  10”8  Not#  thtt  paff  <  ^“n 

(s  standard  valua  in  the  literature) ,  but  thie  takes 
into  account  the  effect  of  lower  resistance  itrekee, 
flanges,  etc.,  In  the  YF-16  forward  fuselage  test 
erticls. 


(24) 
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Figure  5-9.  Station  75  -  Calculated  Flux  and  H  Value* 


3.  In  regions  containing  graphite/ epoxy  access  panels* 
a  voltage  drop  due  to  screw  joints  must  ha  added: 

Vj  ■  J  x  l(f2  V  (25) 

where  we  have  assumed  two  joints  per  panel  (fore 
and  aft)  with  a  "resistance"  of  about  5  mfi-m  per 
joint. 


For  example,  starting  with  T,  specified  in  Figure  5-9a,  and  using 
i  ■  0.965  m  (38  in.)  and  h  »  0.84  x  10  ^  m  (the  thickness  of  6-ply  graphite/ 
epoxy  in  the  forward  bay),  we  should  obtain  the  voltages  in  Figure  5-9c.  This 
is  the  claim  made  in  General  Dynamics'  report;  actually,  these  voltages  corre¬ 
spond  to  e  slightly  different  value  of  p^/h  in  Equation  24. 


5.6  DIFFUSION  FLUX  INDUCED  VOLTAGES 


In  fuselage  areas  containing  both  graphite/epoxy  and  highly  conduct¬ 
ing  raglons  (e.g,,  the  forward  bay),  diffusion  flux  Induces  voltages  on  wire 
loops  which  can  be  estimated  as  follows. 


The  POTENT  program  is  run  with  a  boundary  surface  consisting  only  of 
the  highly  conducting  regions  (e.g.,  metal,  strikes,  end  built-up  flanges  - 
see  Figure  5-9b) .  Effectively,  the  graphite/epoxy  surface  areas  ere  replaced 
by  apertures,  which  should  give  the  same  flux  patterns  (Subsection  5.3).  The 
affect  of  the  graphite/ epoxy  is  more  or  less  to  uniformly  attenuate  the  basic 
aperture  fluxes.  The  interior  flux  lines  are  obtained  from  POTENT  with  flux 
values  <J>  normalized  by  taking  <J>  ■  0  at  the  boundary  surface  (which  here  is  not 
the  whole  fuselage  surface) ,  and  <p  ■  1  at  the  flux  line  corresponding  to  the 
position  of  the  return  conductor  (at  about  twice  the  fuselage  radius) . 


For  a  longitudinal,  rectangular  loop  with  one  side  a  return  path  in 
a  highly  conducting  fuselage  region  (i.e.,  where  the  voltage  drop  is  zero),  we 
have 

V  -  ||  -  k(t)  4  (26) 
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where! 


■  voltege  inductd  In  th*  loop 

*  vplttge  drop  in  the  off-surface  side  of  the  loop 

*  flux  value  of  the  flux  contour  at  the  off-eurface 
side  of  the  loop  (i.e.,  the  flux  linked  by  the  loop) 

**  time  dependence  of  d4>/dt  (assumed  to  be  the  same  at 
all  flux  contours) 


Now,  since  we  have  the  same  flux  contours  (but  different  scaled 
fluxes)  in  the  aparture  and  grephite/epoxy  cases  we  have  from  Equation  26 


where  the  voltage  drops  and  fluxes  are  at  the  wires  indicated  in  Figure  5-10 . 
(Only  the  off-surface  sides  of  the  loops  are  shown  and  should  be  intersected 
by  the  corresponding  flux  lines.)  Therefore, 


V1  •  vs  *  ^  .  <28> 

Note  that  and  <j>fi  are  obtained  from  the  POTENT  aperture  calculation,  and  Vg 
is  just  the  surface  IR  voltage  which  can  be  obtained  as  in  Subsection  5.5. 


Figure  5-10.  Flux  Contours  and  Induced  Voltages  -  Aperture 
versus  Graphite/Epoxy 


Finally,  a  longitudinal  rectangular  loop  entirely  interior  to  the 
fuselage  (l.e.,  with  no  current  return  in  the  fuselage  surface)  may  be  viewed 
as  a  combination  of  two  loops  with  fuselage  current  return.  We  obtain  from 
Equation  28 


V. 

j°2E 

v8 


<V1  -  V  *1  -  *2  *C 


where  1  (B)  and  2  (C)  denote  the  nearer  (to  the  surface)  and  farther  ends  of 
the  loop,  respectively.  (Imagine  a  third  wire  and  flux  line  below  $  and  ^ 
in  Figure  5-10.) 

5.7  APERTURE  COUPLED  VOLTAGES 

Within  an  aperture  created  by  an  electrically  transparent  opening 
(e.g.,  within  the  cockpit  or  within  bays  having  glass  fiber,  Kevlar,  or  other 
insulating  covers),  direct  coupling  of  magnetic  flux  occurs  to  wiring  and  cir¬ 
cuits.  We  may  visualize  the  situation  as  a  two-loop  system,  consisting  of  the 
test  loop  under  consideration  and  the  fuselage-return  conductor  loop,  so 


-  *«TF  Tt 


where! 


di/dt  *  rate  of  change  of  the  fuselage  test  current 

St  *  longitudinal  length  of  test  loop  (assumed  to  be 
a  planar  rectangle,  longitudinal  in  orientation) 

M__  ■  fast  flux  transfer  inductance  (per  unit  length) 


The  flux  linkage  of  the  system  can  be  examined  to  determine  ML 


*Ntf  i 

GET” 
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where: 


$  •  flux  linking  the  teet  loop 

*  total  flux  between  fuselage  and  return  conductor 

L'  -  self-inductance  (per  unit  length)  of  fuselage-return 
conductor  loop 


Further, 


4>t  « 


(32) 


where : 


4>„  ■  JLMi  ■  flux  linked  by  teat  loop  due  to  fuselage- 
return  conductor  loop 

M  ■  mutual  inductance  (per  unit  length)  between 

the  two  loops 


bo,  from  Equations  31  and  32,  we  have 


^TF 


JL 

K 


L’ 


<^T- 


V 


L'  <L 


L'  -  M 


(33) 


where  the  last  equality  comes  from  an  analogue  of  Equation  31,  applied  to 
<j>M  and  M. 


Electric  field  coupling  («  dE/dt)  may  also  occur  in  some  circuits 
within  apertures  and  will  also  be  more  apparent  at  higher  frequencies.  How¬ 
ever,  quantitative  statistics  are  not  available  for  dE/dt  of  natural  lightning, 
and  no  attempt  was  made  to  simulate  it  in  the  test. 


B-50 


